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Chapter 1
Introduction
”We must not seek, but find, we must not judge, but observe
and comprehend, inspire and elaborate the inspired. We have
to feel our own essence integrated and ordered at whole. Only
then we will have real relations with nature.”
Hermann Hesse
The standard model (SM) is a very successful framework for describing particle physics
phenomena. However, it suffers from some serious phenomenological problems, among which:
neutrinos are massless, the conditions for baryogenesis are not fulfilled, and there is no candidate
for dark matter (DM). The first two problems can be solved by extending the SM to include
the seesaw mechanism for neutrino masses [3, 4, 5, 6, 7] that also opens the possibility of
baryogenesis via leptogenesis [8, 9], while extending the SM to its supersymmetric version
(SSM) can provide a natural candidate for DM. However, in contrast to the SM, the SSM does
not have accidental lepton (L) and baryon-number (B) symmetries, and this can lead to major
phenomenological problems, like fast proton decay. The standard solution to forbid all dangerous
operators is to impose a discrete symmetry, R–parity, and only in the R-parity conserving SSM
the lightest supersymmetric particle (LSP), generally the neutralino, is stable, and provides a
good DM candidate.
Similarly to the SM, the SSM does not provide any explanation for the strong hierarchy in
the charged fermion Yukawa couplings. One way to explain the flavor puzzle and the suppres-
sion of the fermion masses with respect to the electroweak breaking scale is to impose Abelian
flavor symmetries, that we generically denote as U(1)H , that are broken by SM-singlets com-
monly denoted as flavons. This process involves horizontal charges for the fields that determines
whether a particular term can or cannot be present in the superpotential. After this problem is
solved remain some free horizontal charges, that can be used to set the order of magnitude of
the R-parity violating couplings. In supersymmetric models extended to include an anomalous
horizontal U(1)H symmetry a` la Froggatt-Nielsen (FN) [10], the standard model particles and
their superpartners do not carry a R-parity quantum number and instead carry a horizontal
charge (H–charge). For a review see [11]. In addition, these kinds of models involve new heavy
FN fields and, in the simplest realizations, an electroweak singlet superfield S of H–charge −1.
R-parity conserving as well as R-parity violating SU(3)C × SU(2)L×U(1)Y ×U(1)H–invariant
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effective terms arise once below the FN fields scale, M , the heavy degrees of freedom are inte-
grated out. These terms involve factors of the type (S/M)n, where n is fixed by the horizontal
charges of the fields implicated and determines whether a particular term can or cannot be
present in the superpotential. The holomorphy of the superpotential forbids all the terms for
which n < 0 and although they will be generated after U(1)H symmetry breaking (triggered
by the vacuum expectation value of the scalar component of S, 〈S〉) via the Ka¨hler potential
[12] these terms are in general much more suppressed than those for which n ≥ 0. Terms
with fractional n are also forbidden and in contrast to those with n < 0 there is no mechanism
through which they can be generated. Finally, once U(1)H is broken the terms with positive
n yield Yukawa couplings determined—up to order one factors—by θn = (〈S〉/M)n. The stan-
dard model fermion Yukawa couplings typically arise from terms of this kind. Correspondingly,
supersymmetric models based on an U(1)H Abelian factor are completely specified in terms of
the H–charges. Then the R-parity conservation can be for example enforced by an extended
gauge symmetry together with supersymmetry (that requires a holomorphic superpotential) as
in the model studied in [13], or solely by the gauge symmetry thanks to a suitable choice of the
U(1)H–charges, as in Ref. [14].
However, for scenarios such as the R–parity conserving constrained minimal supersymmetric
standard model (CMSSM), the recent results on searches for supersymmetry by CMS [15] and
ATLAS [16] experiments have raised the bound on scalar and gluino masses, when they are
approximately equal, to the order of 1.4 TeV. These searches are mainly based on missing
transverse momentum carried by the LSP. A high mass scale for scalars and gluinos represents a
potential chink in the initial proposal of the SSM as a possible solution to the hierarchy problem.
These mass limits can be avoided in alternative supersymmetric models such as the R-parity
violating SSM [17, 18, 19, 20, 21, 22], in which the LSP is usually assumed to be the gravitino
that also provides a good decaying dark matter candidate [23, 24]. The next-to-the-lightest
supersymmetric particle decays to standard model particles, and thus the missing transverse
momentum may be considerably reduced [25, 26, 27, 28, 29, 30, 31, 32]. In addition,
if the involved couplings are small enough, the presence of displaced vertices may reduce the
efficiency of the standard searches at the LHC [25, 32]. The simplest case of an anomalous
horizontal symmetry with a single flavon, can also suppress, but do not completely prohibit, R–
parity violating terms. Along these lines, consistent models have been built in which neutrino
oscillation data can be explained[1, 2, 11, 14, 33, 34]. Also, by using the reported anomalies
in cosmic-ray electron/positron fluxes, a consistent model with tiny R-parity breaking couplings
was built with decaying leptophilic-neutralino dark matter [35].
We adopt in this thesis a new approach by assuming a set of H-charges that give rise to a
self-consistent model of R-parity breaking and baryon-number violation. As a consequence of
our H-charge assignments, it is not possible to generate a Majorana mass term for left-handed
neutrinos. However, a neutrino Dirac matrix can be built after the introduction of right-handed
neutrinos with proper H-charges. We also show that by adding a second flavon field with
fractional charge, it is possible to build a Majorana neutrino mass matrix. In both cases an
anarchical matrix [36, 37, 38, 39] is obtained, which is supported by the recent results of a
large value for θ13 [40, 41, 42, 43].
As a consequence of H-charge assignments, the λ′′323 coupling dominates over the other
couplings, and the third-generation quarks are expected to be present at the final states of
LSP decays. Moreover, the horizontal symmetry predicts a precise hierarchy of B-violating
couplings, which can be translated into relations between different branching ratios, that could
be measured at e+ e− colliders. The required conditions to obtain one R-parity breaking SSM
with B violation are shown, also taking into account dimension-five operators.
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Next, and continuing in the structure of the FN mechanism extended with a horizontal
symmetry U(1)H , we introduce the model SU(5) proposed by Georgi y Glashow [44], which
incorporates the standard model group and gives a description in terms of a single constant g5;
moreover, the quantization of charge comes as a direct consequence of the algebra of SU(5), and
the lifetime of the proton is consistent with the current experimental bounds [45]. Differently
from the SM case [14], in SU(5) GUTs it is rather difficult to implement this kind of horizontal
symmetries, because there is less freedom in choosing the H–charges (see for example [46]).
However, if the flavons that break the horizontal symmetry are assigned to the adjoint repre-
sentation of SU(5) [47, 48, 49], charges that were forbidden in the singlet flavon case become
allowed, under the assumption that certain representations for the Froggatt-Nielsen (FN) [10]
messengers fields do not exist. In contrast to the non-unified SU(3)C×SU(2)L×U(1)Y ×U(1)H
model, where the singlet nature of the flavons is mandatory, in SU(5) × U(1)H assigning the
flavons to the adjoint has the additional bonus that non-trivial group theoretical coefficients
concur to determine the coefficients of the effective operators [47, 48, 49]. In this case, under
the additional assumption that at the fundamental level all the Yukawa couplings obey to some
principle of universality [48]. A virtue of the U(1)H gauge symmetry implemented here is that
when the U(1)H charges are chosen appropriately, ∆B 6= 0 and ∆L = 1 operators are forbidden
at all orders. However, ∆L = 2 operators corresponding to Majorana masses for heavy neutral
fermions of the seesaw remain allowed, and thus the seesaw mechanism can be embedded in the
model. More in detail, following [14] we chose the H-charges in such a way that operators with
even R–parity have an overall H-charge that is an integer multiple of the charge of the U(1)H
breaking scalar fields (that, without loss of generality, we set equal to ±1). In contrast, all
the R–parity breaking operators, that have an overall half-odd-integer H–charge, are forbidden.
Then, to allow for ∆L = 2 Majorana masses while forbidding ∆L = 1 operators, it is sufficient
to chose the H–charges of the heavy seesaw neutral states as half–odd-integers. The order one
coefficients that determine quantitatively the structure of the mass matrices become calculable.
The structure of the thesis is as follows:
Chapter 2, Sec. 2.1, will be an introduction to the theory of FN [10] to explain the mass
spectrum in the fermionic sector. In Sec. 2.2 we enunciate the selection rules for our model. In
Sec. 2.3 we show how R–parity can be obtained from a gauge symmetry. Choosing a suitable
set of horizontal charges, the R parity comes as a direct result of this election. [14]. In Sec. 2.4
we find the U(1)H–charges for the fields of the SSM in terms of 4 four parameters. In Sec. 2.5
we calculate the numerical value if the expansion parameter is θ. In Sec. 2.6 we made the
calculations of U(1)H–charges for the R–parity breaking terms. In Sec. 2.7 we synthesize the
problem with several flavons for the unification theory SU(5).
Chapter 3, Sec. 3.1, will be raised the conditions to obtain one R-parity breaking SSM with B
violation, also taking into account dimension-five operators. The generation of neutrino masses
by introducing right-handed neutrinos is discussed in Sec. 3.2. In Sec. 3.3 the consequences for
collider physics are mentioned.
Chapter 4 will present a SU(5) × U(1)H supersymmetric model for neutrino masses and
mixings.
In Chapter 5 are presented the discussions and conclusions of the work.
In the Appendix A.1 are presented the horizontal charges of dimension-fiveR-parity breaking
operators in detail while in A.2 we calculate explicitly a contribution to Yν =
∑
i Y
(i)
ν at O()
of SU(5).

Chapter 2
Supersymmetric
models with a
symmetry U(1)H
One of the unsolved problems in the standard model is the related to the hierarchy of the
masses, in charged fermion sector. The central idea proposed by FN [10, 11] was to introduce
an Abelian U(1)H–symmetry which assigns H charges to fermion fields to try to explain this
mass hierarchy. These masses may be expressed in terms of a parameter θ given by:
θ =
〈S〉
MF
, (2.1)
where S is a flavonic field, and MF is a mass scale for the FN heavy Fields.
2.1. Froggatt-Nielsen mechanism in the quark sector
The Yukawa Lagrangian in the standard model includes terms of type:
L = huu¯RHuQ+ h.c, (2.2)
where Q = (u, d)L transforms as a representation (3,2)1/3 under SU(3)C × SU(2)L × U(1)Y ;
u¯R, d¯R transforms as a (3¯,1)−4/3,2/3 and Hu transforms as (1, 2¯)1. The Lagrangian above the
scale MF is:
L = u¯RHuR+ R¯ST + T¯ SF + . . .+ P¯SQ+ h.c, (2.3)
where S is a flavon which transforms as a singlet under SU(3)C ×SU(2)L×U(1)Y and acquires
a vacuum expectation value given by 〈S〉 a scale below MF . R, T , F , P are heavy fields,
charged under the symmetry U(1)H . The diagrammatic representation of Eq. (2.3) is shown in
Figure 2.1. This Feynman diagram will lead to effective contributions of the mass terms of the
fermions when the Abelian U(1)H symmetry gets spontaneously broken. This diagram must be
invariant under the horizontal U(1)−H–charge assignment. The horizontal charges are defined
as:
S = H(S), Q = H(Q), Hu = H(Hu), u = H(u¯R), d = H(d¯R), (2.4)
and
R = H(R), T = H(T ), F = H(F ), . . . , P = H(P ). (2.5)
11
12 2. Supersymmetric models with a symmetry U(1)H
Figure 2.1. Diagrammatic representation of the Yukawa Lagrangian, where are taken n
Froggatt-Nielsen fields that allow the invariance under U(1)H .
As the horizontal U(1)H–charge must be conserved in each of the vertices of Figure 2.1, we have
u+Hu +R = 0,
−R+ S + T = 0,
− T + S + F = 0,
...
...
...
− P + S +Q = 0,
by integrating the heavy fields of Froggatt-Nielsen in the Eq. (2.3), are added the n charges
U(1)H assigned to these fields, thereby obtaining:
 R− R+ S + T − T + S + F + . . .− P + S = nS = n. (2.6)
Therefore, after the breaking of the horizontal U(1)H–symmetry and the integration of heavy
fields, the effective Lagrangian in the Eq. (2.3) is:
LYukawa = u¯Hu
( 〈S〉
MF
)n
Q+ h.c. (2.7)
For this term be invariant under the symmetry U(1)H , it must to comply with:
n = u+Hu +Q, (2.8)
where the Yukawas are:
hu ∼ θn ∼ θu+Hu+Q (2.9)
The assignment of an appropriate set of horizontal U(1)H–charges for these fields could give a
model phenomenologically viable with experimental observations.
To summarize, one can say that the idea proposed by FN consists of introducing an Abelian
horizontal symmetry U(1)H , and some scalar field S, called flavon, together with the need
to assume that there are a large number of heavy FN fields that serve as mediators of new
interactions. These heavy fields are vectorlike. With this set of conditions the suppression of
Yukawa couplings can be explained.
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2.2. General renormalizable superpotential
The most general renormalizable superpotential including right–handed neutrinos, is given
by [11]:
W = εabδxyhuijQ̂ixaĤub ûjy + εabδxyhdijQ̂ixaĤdb d̂jy
+ εabhlijL̂
i
aĤ
d
b l̂
j + εabY νij L̂
i
aĤ
u
b N̂
j
+ εabµĤdaĤ
u
b +M
R
ij N̂
iN̂ j
(2.10)
+
1
2
εabλijkL̂
i
aL̂
j
b l̂
k
+ εabδxyλ
′
ijkQ̂
i
xaL̂
j
bd̂
k
y + ΞiN̂
i
+
1
2
εxyzλ
′′
ijkû
i
xd̂
j
yd̂
k
z + ε
abY νi N̂
iĤdaĤ
u
b
+ εabµiL̂iaĤ
u
b + y
R
ijkN̂
iN̂ jN̂k,
the upper block in Eq. (2.10) is R–parity conserving, the lower block violates R–parity. In the
Eq. (2.10) Ĥ, Q̂, L̂ represent the left–chiral SU(2)L–doublet superfields of the higgses, the quarks
and leptons; û, d̂, l̂, N̂ represent the right–chiral superfields; a, b, c and x, y, z are SU(2)L–
and SU(3)C–indices, i, j, k are generational indices; δ
xy is the Kronecker symbol, ε... symbolizes
any tensor that is totally antisymmetric with respect to the exchange of any two indices, with
ε12... = 1. All other symbols are coupling constants, The λijk (λ
′′
ijk) being antisymmetric with
respect to the exchange of the first two (last two) indices. Here, the simultaneous presence of
terms that violate Baryon number (B) and lepton number (L) give a very short proton lifetime
(For a more detailed explanation, see [50]). Lepton number is explicitly broken by the bilinear
couplings µi and trilinear couplings λijk and λ
′
ijk, whereas the couplings λ
′′
ijk are responsible for
the B violation. The factor of 1/2 is due to the antisymmetry of the corresponding operators [22].
The H charge for the fields determines whether or not a particular term can be present in the
superpotential. As will be seen in the next section, when extending a supersymmetric model
with a U(1)H Abelian factor, the size of all the parameters entering in the superpotential arises
as a consequence of U(1)H breaking. In particular, the violating lepton or baryon–number may
be absent without the need of R–parity [1, 2, 11, 14, 33, 34, 51]. Before proceeding we
will fix our notation: following Ref. [1], we will denote a field and its H charge with the same
symbol, i.e. H(fi) = fi, H–charge differences as H(fi − fj) = fij [52]; bilinear H charges
as ni = Li + Hu. In what follows we will constrain the H–charges to satisfy the condition
|H(fi)| . 10 that as highlighted in Refs. [11, 53] leads to a complete consistent supersymmetric
flavor model. Trilinear H–charges of the B and L violating operators will be written as nλijk
with the index determined by the corresponding trilinear coupling, that is to say the index can
be given by λijk, λ
′
ijk, or λ
′′
ijk. We fix θ = 〈S〉/MP ' 0.22 [14, 54] and S = −1. The holomorphy
of the superpotential forbids all the terms for which n < 0 (where n is an abbreviation for the
overall H–charge of an operator in the superpotential) and although they will be generated after
U(1)H symmetry breaking (triggered by the vacuum expectation value of the scalar component
of S, 〈S〉) via the Ka¨hler potential [12] these terms are in general much more suppressed than
those for which n ≥ 0. Terms with fractional n are also forbidden and in contrast to those with
n < 0 there is no mechanism through which they can be generated. As already stressed any
coupling in the superpotential is determined up to order 1 factors by its H–charge. Thus, any
bilinear or trilinear couplings µi and λT (where λT is an abbreviation for any of the trilinear
14 2. Supersymmetric models with a symmetry U(1)H
couplings in Eq. (2.10)) must be given by [11, 55]
µα ∼

MP θ
nα nα ≥ 0
m3/2θ
|nα| nα < 0
0 nα fractional
λT ∼

θnλ nλ ≥ 0
(m3/2/MP )θ
|nλ| nλ < 0
0 nλ fractional
. (2.11)
An operator with fractional charges is prohibited also on models with several flavons of
integer charges.
2.3. R–parity as a result of a gauge symmetry
It can be shown that the conservation of R–parity in the MSSM, may result as a consequence
of the proper choice of the horizontal U(1)H–charges.
Now, the overall U(1)H–charge for any operator can be written as follows:
HTotal =
∑
i
(nN iN
i) +
∑
i
(nLiL
i + nli l
i) + nHdH
d + nHuH
u (2.12)
+
∑
i
(nQiQ
i + ndid
i + nuiu
i),
where the nN i , nLi , . . . are positive integers representing the number of times it is repeated a
field. These numbers are independent, due to the gauge invariance of the group SU(3)C ×
SU(2)L × U(1)Y , moreover we define in Eq. (2.12): nQ =
∑
i nQi , nL =
∑
i nLi , nu =
∑
i nui ,
. . . The following example shows how to find the overall U(1)H–charge from some operator of
the Eq. (2.10). For the term huQHuu , we obtain:
nQ = 1,
nHu = 1,
nu = 1,
The total charge for this operator is:
HTotal = Q+H
u + u.
In the same way are calculated the overall U(1)H–charges for other operators in the Eq. (2.10).
Below, are listed two central definitions, which form the main structure for the following analysis:
Definition 1. For the different fields in the model, we may use:
Bp = (−1)nQ−nu−nd , (2.13)
Lp = (−1)nL−nN−nl ,
Rp = Bp × Lp = (−1)nQ−nu−nd+nL−nN−nl
Where the Bp, Lp, Rp correspond to baryonic parity, leptonic parity and R–parity. All operators,
which conserve the Z2–symmetry Rp, each have an overall integer HTotal–charge. Namely, all
operators for which nQ−nu−nd+nL−nN−nl is even, each have an overall integer U(1)H–charge.
Definition 2. One operator which violates Rp have an overall fractional U(1)H–charge. Namely,
one operator for which nQ−nu−nd+nL−nN−nl is odd each have an overall fractional U(1)H–
charge.
We can draw several conclusions:
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Proposition 1. If the field Q1 has the same quantum numbers as Q2, an Rp–conserving operator
Q1φ1φ2 . . . φn guarantees that Q
2φ1φ2 . . . φn is Rp–conserving as well, we thus find that it is
necessary that the charge Q2 −Q1 is integer.
Verification 1. We start from the Eq. (2.12). The overall U(1)H–charge is calculated for this
pair of operators,
H1Total = nQ1Q
1 + nφ1φ1 + nφ2φ2 + . . .+ nφnφn = Z1,
H2Total = nQ2Q
2 + nφ1φ1 + nφ2φ2 + . . .+ nφnφn = Z2.
We subtract this pair of expressions:
H2Total −H1Total = Q2 −Q1 = Z2 − Z1 = Integer. (2.14)
Proposition 2. For any SU(3)C×SU(2)L×U(1)Y invariant operator φ1φ2 . . . φn which violates
Rp one has that φ1φ2 . . . φnφ1φ2 . . . φn conserves Rp. It follows that all operators which violate
R–parity have an overall half-odd integer U(1)H–charge.
Verification 2. Be φ1φ2 . . . φn an operator which violates Rp. Using the def. 2 we find the
HTotal–charge:
φ1 + φ2 + . . .+ φn =
p
q
. Where p and q belong to integers Z. (2.15)
Now be the operator φ1φ2 . . . φnφ1φ2 . . . φn that conserves R–parity. Considering the def. 1, the
HTotal–charge of this operator is an integer. Considering this result, this operator has a integer
HTotal–charge of the form:
2φ1 + 2φ2 + . . .+ 2φn = z, where z belong to integers Z (2.16)
Introducing the Eq. (2.15) in the Eq. (2.16), it is obtained that:
2
p
q
= z.
The number p is an odd integer, as z is an integer, it follows that q = 2. From this it is follows
that the HTotal–charge for an operator that violates R–parity is an half-odd integer number p/2.
It follows immediately from the previous preposition and the last terms of the first block of
the Eq. (2.10) that N̂ is half-odd-integer.
Proposition 3. Let Hdφ1φ2 . . . φn be SU(3)C ×SU(2)L×U(1)Y invariant and it conserve Rp,
it follows that Liφ1φ2 . . . φn does not conserve Rp then the charge L
i −Hd is half-odd-integer.
Verification 3. Be Hdφ1φ2 . . . φn an operator which conserves Rp. Given this result, this
operator has a integer HTotal–charge of the form:
Hd + φ1 + φ2 + . . .+ φn = p. Where p belong to integers Z. (2.17)
Now be the operator Liφ1φ2 . . . φn that violates R–parity. Considering this result, this operator
has a fractional HTotal–charge of the form:
Li + φ1 + φ2 + . . .+ φn = k/2 Rational number (2.18)
We subtract the equation Eq. (2.17) of the Eq. (2.18), we get:
Li −Hd = k/2− p = half-odd-integer. (2.19)
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The MSSM +N̂ Rp–conserving, see [11], is of the form:
Q1 +Hd + d1 = n1, (2.20)
Q1 +Hu + u1 = n2,
L1 +Hd + l1 = n3,
L1 +Hu +N i = n4,
N i +N j = n5,
where the n1, . . . , n5 are integers; and analogously for the other matter superfields.
From Eq. (2.13) one sees that
nL − nN − nl + nQ − nu − nd = 2R− ρ, (2.21)
R is an integer, ρ is 0 or 1 if Rp is conserved or broken.
We now plug Eqs. (2.14), (2.19), (2.20), (2.21) and the Eq. (3.3) of Ref. [14] into Eq. (2.12)
and we obtain:
3Q1 + L1 = Integer, (2.22)
is the necessary and sufficient condition ( apart from Eqs. (2.14), (2.19), (2.20)) on the H-charges
for conserved Rp.
2.4. The Standard Model fields H–charges
The individual H charges for the SM fields are determined through a set of phenomenological
and theoretical conditions.
Eight phenomenological constraints arising from six mass ratios for the quarks and the
charged leptons plus the two quark mixing angles
mu : mc : mt ' θ 8 : θ 4 : 1 ,
md : ms : mb ' θ 4 : θ 2 : 1 ,
me : mµ : mτ ' θ 5 : θ 2 : 1 ,
Vus ' θ , Vcb ' θ 2, (2.23)
where θ, given by the Eq. (2.1), is a small parameter of the order of the Cabbibo angle θ ' 0.22.
These eight conditions on the fermion charges can be re-expressed in terms of the following sets
of eight charge differences shown in Table 2.2 [52, 53, 55, 56, 57]. We will not repeat here
the phenomenological analysis leading to these sets of charge differences, since this has been
extensively discussed in the literature [52, 53, 55, 56, 57]. The negative charge differences
shown in the reference [1] reproduce the matrix elements Vub and Vcb much smaller to the
observed ones and cannot be improved by the Ka¨hler contributions [58, 59]. Therefore these
charges are not phenomenologically viable.
Two relations are provided by the absolute value of the masses of third generation fermions
mt ' 〈Hu〉 and mb ' mτ . (2.24)
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Q3 = −−3x(x+ 10) + (x+ 4)n1 + (x+ 7)n2 + (x+ 9)n3 − 67
15(x+ 7)
L3 =
2(x+ 1)(3x+ 22)− (2x+ 23)n1 − 2(x+ 7)n2 + (13x+ 97)n3
15(x+ 7)
L2 = L3 + n2 − n3
L1 = L3 + n1 − n3
Hu = n3 − L3
Hd = −1−Hu
u3 = −Q3 −Hu
d3 = −Q3 −Hd + x
l3 = −L3 −Hd + x
Q1 = 3 +Q3
Q2 = 2 +Q3
u1 = 5 + u3
u2 = 2 + u3
d1 = 1 + d3
d2 = d3
l1 = 5− n1 + n3 + l3
l2 = 2− n2 + n3 + l3
Table 2.1. Standard model fields H–charges in terms of the bilinear H–charges ni and x
Two theoretical constraint corresponding to the consistency conditions for the coefficients
of the mixed linear anomalies (the second constraint fixes k1 = 5/3) [1, 56, 60]
ACCH = ALLH = AY Y H
k1
= δGS, (2.25)
where the A . . . are the coefficients of the SU(3)C−SU(3)C−U(1)H , SU(2)L−SU(2)L−U(1)H ,
U(1)Y − U(1)Y − U(1)H anomalies. Moreover, AY HH ,AHHH correspond to U(1)Y − U(1)H −
U(1)H , U(1)H − U(1)H − U(1)H anomalies.
The final constraint comes from the vanishing of the mixed anomaly quadratic in the hori-
zontal charges
AY HH = H2u −H2d +
∑
i
[
Q2i − L2i − 2u2i + d2i + l2i
]
= 0. (2.26)
Given the above set of conditions, 13 out of 17 H charges are constrained and can be
expressed in terms of the remaining four free parameters that we choose to be ni (i = 1, 2, 3)
and x. Where x = Hd + Q3 + d3 = Hd + L3 + l3 consistently with our parameterization of
tanβ = θx−3 such that it ranges from 90 to 1 for x running from 0 to 3 (see Ref. [1] for more
details). The expressions for the standard model field H charges are shown in Table 2.1. As
can be seen from Table 2.1, the H charges ni and x act as free parameters and their possible
values should be fixed by additional experimental constraints. With all these restrictions, there
is only a possible set of charge differences which is displayed in Table 2.2. This self-consistent
solution includes the Guidice-Masiero mechanism to solve the µ problem because n0 = −1, and
therefore the µ term is absent from the superpotential [1].
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Q13 Q23 d13 d23 u13 u23 L13 L23
3 2 1 0 5 2 5 2
Table 2.2. Standard model fields H charge differences with n0 = −1 (from Ref. [1]). Here
Li3 = Li3 + li3
2.5. Determination of the parameter of expansion θ
The vacuum expectation value of the flavon 〈S〉 is determined dynamically thanks to the anoma-
lous nature of U(1)H [11]. We show explicitly that our U(1)H–charges assignments can suc-
cessfully lead to an expansion parameter given by θ = 〈S〉/MP ≈ 0.185 − 0.221 [14, 54] as
desired phenomenologically. In the string-embedded FN framework the expansion parameter θ
has its origin solely in the Dine-Seiberg-Wen-Witten mechanism, due to which the coefficient of
Fayet-Iliopoulos (FI) is radiatively generated [11, 61, 62]
εH = g
2
s
AGGH
192pi2
M2P, (2.27)
where AGGH = Grav − Grav − U(1)H is the gravitational anomaly, and gs being the string
couplings constant. The cancellation of the mixed chiral anomalies of U(1)H with the gauge
group of the SM, itself and gravity demands, see Ref. [63]
ACCH
kC
=
ALLH
kL
=
AY Y H
kY
=
AHHH
3kH
=
AGGH
24
, (2.28)
the k. . . are the affine or Kac-Moody levels of the corresponding symmetry [11]. Relying on the
Green-Schwartz mechanism [64], the term
AY HH = 0. (2.29)
The factor of 3 in the fourth denominator in Eq. (2.28) is of a combinatorial nature: one deals
with a pure rather than mixed anomaly. In this convention one has:
g2CkC = g
2
LkL = g
2
Y kY = g
2
HkH = 2g
2
s , (2.30)
gC being the SU(3)C couplings constant, gL being the SU(2)L couplings constant, gY and gH
are the U(1)Y and U(1)H couplings constant. For the factor of 2 in Eq. (2.30) and a discussion
of the mismatch between the conventions of GUT and string amplitudes see Ref. [61] (εtree levelH
is zero in local supersymmetry, see Ref. [65]). This gives
〈S〉 =
√
−εH
S
, (2.31)
supposing that no other fields break U(1)H . With S = −1, we use the Eq. (2.28) to eliminate
AGGH in favor of ACCH ,
ACCH
kC
=
AGGH
24
AGGH = 24
kC
ACCH . (2.32)
Replacing the Eq. (2.32) in the Eq. (2.27),
εH = g
2
s
24
192pi2kC
ACCHM2P, (2.33)
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θ 0.185 0.198 0.210 0.221
x 0 1 2 3
Table 2.3. Variation of θ with the different values of x.
check according to Ref. [11], we have
ACCH = 1
2
[∑
i
(2Qi + ui + di)
]
. (2.34)
Utilizing the charges shown in Table 2.1, we find that
ACCH = 3
2
(7 + x), (2.35)
from the Eq.(2.30), we use
g2CkC = 2g
2
s
g2s =
g2CkC
2
. (2.36)
Replacing the Eq.(2.35) and the Eq. (2.36) into the Eq. (2.33),
εH =
24(7 + x)3g2CkC
768pi2kC
M2P (2.37)
=
3(7 + x)g2C
32pi2
M2P.
Introducing the Eq. (2.37) into the Eq. (2.31),
〈S〉 = gC
4pi
√
2
√
3(7 + x)MP, (2.38)
and evaluating gC
[
MGUT = 2.2× 1016GeV
] ≈ 0.72 and replacing in Eq. (2.38),
〈S〉 = 0.72
4pi
√
2
√
3(7 + x)MP, (2.39)
the parameter θ in the Eq. (2.1) with MF = MP and the Eq. (2.39) is given by
θ =
0.72
4pi
√
2
√
3(7 + x). (2.40)
We show in Table 2.3 the variation of θ according to Eq. (2.40) for different values of x.
Finally, the reason for obtaining the condition |H(fi)| . 10 is to avoid an excessive fine–
tuning in the Eq.(2.34).
2.6. Relations for the charges of the model
By using Table 2.1 is easy to check that
H(λijk) = (2.41)nλ121 nλ122 nλ123nλ131 nλ132 nλ133
nλ231 nλ232 nλ233
 =
 x+ n2 + 6 x+ n1 + 3 x+ n1 + n2 − n3 + 1x+ n3 + 6 x+ n1 − n2 + n3 + 3 x+ n1 + 1
x− n1 + n2 + n3 + 6 x+ n3 + 3 x+ n2 + 1
 .
This charges can be parameterized as:
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i 1 2 3
pi 3 2 2
p′i 4 1 0
p′′i 3 2 2
Table 2.4. Integer values required to obtain the horizontal charges of dimension-4 RPV operators.
H(λijk) = ni + nj − nk + n0 + x+ i− 2k + pi + pj + pk (2.42)
the pi are given in the Table 2.4. There are two possibilities for these charges,
(1) λijk con i = k or j = k. We can write the Eq. (2.42) as
H(λijk) = ni(orj) + n0 + x+ i− 2k + pi + pj + pk, (2.43)
the last five terms in the Eq. (2.43) can be seen as an integer function of the i, j, k
indices,
I(i, j, k) =i− 2k + pi + pj + pk , (i <j) (2.44)
and Eq. (2.43),
H(λijk) = ni(orj) + n0 + [x+ I(i, j, k)]. (2.45)
(2) λijk con i 6= k or j 6= k
H(λijk) = ni + nj − nk + n0 + [x+ I(i, j, k)], (2.46)
adding and subtracting nk in Eq. (2.46)
H(λijk) = ni + nj + nk − 2nk + n0 + [x+ I(i, j, k)], (2.47)
the Eq. (2.47) can be written as
H(λijk) = n1 + n2 + n3 + n0 − 2nk + [x+ I(i, j, k)]. (2.48)
Simplifying
H(λijk) = N − 2nk + [x+ I(i, j, k)], (2.49)
where,
N =
3∑
α=0
nα = n1 + n2 + n3 + n0. (2.50)
By using Eq. (2.49) and Eq. (2.50) we can reproduce any entry of the matrix in Eq. (2.41), for
example
H(λ123) =n1 + n2 + n3 − 1− 2n3 + [x+ 1− 6 + 3 + 4] (2.51)
= x+ n1 + n2 − n3 + 1.
In the same way the charges of the other couplings of Eq. (2.10) can be written as
H(λ′′ijk) =
1
3N +
[
x+ I ′′(i, j, k)] (j <k) (2.52)
H(λ′ijk) =ni +
[
x+ I ′(i, j, k)] ,
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where
I ′′(i, j, k) =− 2i+ p′′i + p′′j + p′′k (j <k)
I ′(i, j, k) =1
2
(
j + k + p′j + p
′
k
)− 2δj3.
(2.53)
To summarize, the H charge of the R-parity breaking couplings can be written as
H(λ′′ijk) =
1
3N +
[
x+ I ′′(i, j, k)] (j <k)
H(λ′ijk) =ni +
[
x+ I ′(i, j, k)]
H(λijk) =ni + nj − nk + n0 + [x+ I(i, j, k)] (i <j)
=
{
ni(or j) + n0 + [x+ I(i, j, k)] if i = k (or j = k)
N − 2nk + [x+ I(i, j, k)] if i 6= k and j 6= k
. (2.54)
From Eq. (2.54) is straightforward to see the possible scenarios that we can obtain in the context
of an anomalous horizontal Abelian symmetry with a single flavon as will be explained below:
2.6.1. Getting the MSSM. It was shown in the Sec. 2.3 that the conservation of R–parity in
the MSSM +N̂ , results as a consequence of the proper choice of the horizontal U(1)H–charges
and based on this it is possible to obtain a proper mass texture for the neutrinos. To recover
the MSSM, we need that the bilinear terms (µi) and the trilinear terms (λijk, λ
′
ijk, λ
′′
ijk) which
violate R–parity are prohibited. To prohibit the bilinear terms along with λ′ijk and λijk with
repeated indices. If N in Eq. (2.54) is a rational number, we obtain N/3 is fractional, then
the term λ′′ijk is also forbidden. From Eq. (2.19), ni must be half–integer and therefore N is
fractional in order to have λijk fully prohibited. These conditions are fulfilled if we choose for
example n1 = −3/2, n2 = −5/2, n3 = −5/2 and x = 2. With this choice, we obtain the charges
shown in the Table 2.5 which are in agreement with Ref. [14]. By using these charges and the
Eqs. (2.54) are forbidden the trilinear terms in the Eq. (2.10). For Example:
H(λijk) =− 3/2− 5/2− 5/2− 1 + 5 + [x+ I(ijk)] (2.55)
=− 5/2 + [x+ I(ijk)],
H(λ′ijk) =− 5/2 +
[
x+ I ′(i, j, k)] ,
H(λ′′ijk) =
1
3(−3/2− 5/2− 5/2− 1) +
[
x+ I ′′(i, j, k)]
=− 15/6 + [x+ I ′′(i, j, k)] .
22 2. Supersymmetric models with a symmetry U(1)H
Generation i Qi di ui Li li
1 67/15 13/30 169/30 3/5 53/10
2 52/15 -17/30 79/30 -2/5 33/10
3 22/15 -17/30 19/30 -2/5 13/10
Hu Hd N1 N2
-21/10 11/10 5/2 5/2
Table 2.5. The set complete of H–charges for x = 2. It gives a texture for the neutrinos sector
and it reproduce the MSSM +N̂ .
Now, the superpotential which introduces the interaction terms for both Dirac and Majorana
neutrinos is
Wν = MPMij
2
θNi+NjN iN j + Y νijθ
Li+Hu+NjLiHuN j (2.56)
+
ψij
2MP
θL
i+Hu+Lj+HuLiHuLjHu,
the various terms of mass for neutrinos in this superpotential are, in order of appearance, as
follows: MMajRR , M
Dirac
LR and M
Maj
LL .
Note that ni are less than zero. Then the term M
Maj
LL , with H charges (ni+nj), is suppressed
by a factor of m3/2/MP, and therefore it can be disregarded in the Eq. (2.56), the rest are just
the terms to build the seesaw mechanism:
Mνij = −θL
i+Lj+2Hu
∑
k,l
Y νikM
−1
kl Y
ν
jl
 . (2.57)
The term θL
i+Lj+2Hu is greater than one, and so the mν can be improved by the parameter θ,
enhancing the consistency with phenomenology. According to the analysis, the set of H–charges
given in Table 2.5, give a proper texture matrix for neutrinos
Mν ∼ θ−5〈Hu〉2/MP
θ2 θ θθ 1 1
θ 1 1
 . (2.58)
Note that the seesaw scale is obtained from the single scale of the model MP . In this thesis,
this mechanism will be generalized to the case of SU(5) SUSY [46, 66, 67, 68, 69].
2.6.2. Getting bilinear R-parity violation. The bilinear R–Parity violating models are
characterized by two properties [70, 71]: first, the usual MSSM superpotential is enlarged
according to
WBRPV = WMSSM + ε
abµiL̂iaĤ
u
b , (2.59)
where there are 3 new superpotential parameters (µi), one for each fermion generation. The
second modification is the addition of extra soft term
Vsoft = VMSSM − εabBiµiL˜iaHub , (2.60)
that depends on three soft mass parameters Bi. For the sake of simplicity it is considered the
R–conserving soft terms as in minimal supergravity (mSUGRA). Notice that the presence of
the new soft interactions prevents the new bilinear terms in Eq. (2.59) to be rotated away [72].
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Generation i Qi di ui Li li
1 467/105 -97/35 722/105 -386/105 667/105
2 467/105 -167/35 302/105 -386/105 352/105
3 257/105 -167/35 92/105 -491/105 247/105
Hu Hd
-349/105 244/105
Table 2.6. Charges that enable bilinear R-parity violation with x = 0 and n1 = n2 = −7,n3 =
−8, according to the Ref. [2]
Generation i Qi di ui Li li
1 161/30 -18/5 103/15 -113/30 98/15
2 131/30 -23/5 58/15 -113/30 53/15
3 71/30 -23/5 28/15 -113/30 23/15
Hu Hd
-127/30 97/30
Table 2.7. Charges that enable bilinear R-parity violation with x = 1 and n1 = n2 = n3 = −8,
according to the Ref. [1]
The new bilinear terms break explicitly R–parity as well as lepton number. The bilinear R–
parity violating models predicts correlations between observables in accelerators and neutrino
physics [73, 74, 75] and they are sought at the LHC [76].
In our model, bilinear R-parity violation is obtained if we chooseN/3 fractional in Eq. (2.54).
We achieve this if N is rational, then λ′′ijk is prohibited. If for each ni . −7 in Eq. (2.54) we get
that the terms λ′ijk and λijk remain suppressed by a factor of the order of m3/2/MP . For example,
following the Eq. (2.50) and using the charges in the Tables 2.6 and 2.7 which are derived through
the four free parameters n1 = n2 = −7, n3 = −8, x = 0 [2] and n1 = n2 = n3 = −8, x = 1 [1] .
We obtain,
N
3
=
−8− 8− 8− 1
3
=
−25
3
, (2.61)
N
3
=
−7− 7− 8− 1
3
=
−23
3
.
This condition ensures that, for some bilinear charges ni . −7, the L violating trilinear
terms in the Eq. (2.10) are very suppressed, while the B violating are forbidden.
2.6.3. Getting a R-parity breaking model with L violation. Following the Ref. [35], and
assuming a decaying neutralino as dark matter candidate, it is studied the neutralino decays in
the context of the minimal R–parity violating models with only lepton number violating λ. The
lifetime of a mainly gaugino neutralino decaying through a trilinear R–parity breaking coupling
λ is approximately given by (see Ref. [77])
τχ =
(
Ms
2× 104GeV
)4(10−23
λ
)2(
2× 103GeV
mχ
)5
1026 sec. (2.62)
According to this expression the viability of neutralino decaying DM will depend, for a few TeV
neutralino mass, on the slepton mass spectrum and the size of the corresponding λ coupling that
will be determined by the choices nλ < 0. Due to the strong suppression induced by the factor
24 2. Supersymmetric models with a symmetry U(1)H
x n1 n2 n3 |fi|
λ231 1 7/3 −19/3 −25/3 < 7
λ123 1 −10/3 −19/3 7/3 < 6
λ132 1 −5/3 17/3 −20/3 < 7
Table 2.8. Set of bilinear H–charges consistent with the trilinear H–charge choice nλ = −10.
m3/2/MP . A coupling as small as 10
−23 is possible if nλ = −10 and accordingly even with a not
so heavy slepton the constraint τχ ≥ 1026 sec can be satisfied. To get only the couplings λ, we
need that N in Eq. (2.54) be a rational number, with this condition we prohibit λ′′ijk. Now if the
bilinear ni are not a half-integer fractional, the terms λ
′
ijk and the λijk, with i = k (or j = k),
are also prohibited. However, the terms λijk with if i 6= k and j 6= k may be allowed if N − 2nk
is an integer number. In such a case, the decays of the LSP are leptophilic [35]. A set of bilinear
charges that satisfy this condition are shown in the Table 2.8. As an example, if we use the
Eqs. (2.54) and Table 2.8, the only R–parity violating coupling at all scales is
H(λ231) = n2 + n3 + n1 − 1− 2n1 + [1 + i− 2k + pi + pj + pk]
= −19/3− 25/3 + 7/3− 1− 14/3 + [1 + 2− 2 + 2 + 2 + 3]
= −10, (2.63)
while for example
H(λ123) = n2 + n3 + n1 − 1− 2n1 + [1 + i− 2k + pi + pj + pk]
= −19/3− 25/3 + 7/3− 1 + 50/3 + [1 + 1− 6 + 3 + 2 + 2]
= 19/3, (2.64)
is a fractional number, along as for example
H(λ
′
123) = n1 +
[
1 +
1
2
(j + k + p
′
j + p
′
k
]
= 7/3 +
[
1 +
1
2
(5 + 1)
]
= 19/3, (2.65)
and
H(λ
′′
123) =
1
3
(7/3− 19/3− 25/3− 1) + [1− 2 + 3 + 2 + 2]
= 7/3 +
1
2
[5 + 1]
= 14/9. (2.66)
2.6.4. Getting Majorana neutrinos with two flavons. Here is also possible to have Majo-
rana neutrinos if in addition to the right handed neutrinos we include in the model a second and
third flavon, ψ, φ, with a vacuum expectation value approximately equal to θ. The horizontal
charges of these fields are fixed by new invariant diagrams from Dirac and Majorana mass terms.
In this way, the H–charges ψ and φ must be such that it does not get coupled to L violating
operators. Therefore, the respective overall H–charge of the L violating operator would be
fractional and therefore forbidden. The introduction of two flavons field could spoil the proton
stability since H–invariant terms can be obtained by coupling a large number of ψ and φ flavons
to dangerous operators. In our case, for the charges shown in the Table 2.9, all the dangerous
operators that are coupled to new fields produce a overall fractional charge. Then by adding a
2.7. SU(5)× U(1)H with several flavons 25
nλ x n1 n2 n3 ψ φ Ni
λ132 -12 1 -9973/1399 2438/1399 -9973/1399 -13270/1399 -859/1399 10832/1399
λ132 -12 2 -9137/1213 2347/1213 -9137/1213 -11972/1213 -488/1213 9625/1213
λ231 13 3 4318/3907 9973/3907 9973/3907 -32078/3907 -37733/3907 27760/3907
λ231 2 1 -411/3907 -9973/3907 -9973/3907 -22620/3907 -13058/3907 23031/3907
Table 2.9. Examples set of H–charges which allow us having Majorana neutrinos. Where Ni
are the right-handed neutrinos.
second and third flavon field with fractional charge, it is possible to build a Majorana neutrino
mass matrix. In both cases an anarchical matrix is obtained, see Refs. [36, 37, 38, 39], which
is supported by the recent results of a large value for θ13.
Mν ∼ θ−5〈Hu〉2/MP
1 1 11 1 1
1 1 1
 . (2.67)
2.6.5. Model with violation of baryon number. In the Chapter 3, we consider a super-
symmetric standard model extended with an anomalous horizontal symmetry U(1)H of a single
flavon. A self-consistent framework with baryon-number violation is achieved along with a
proper suppression for lepton-number violating dimension-five operators, so that the proton can
be sufficiently stable. With the introduction of right-handed neutrinos both Dirac an Majorana
masses can be accommodated within this model. In order to obtain a model with baryonic
number violation we need that N in Eq. (2.54) be multiple of 3. This condition ensures that the
couplings λ
′′
are generated. Choosing the bilinear terms ni fractional but not a half–integer, we
guarantee that the λ
′
and λ remain prohibited. For example, by choosing n1 = n2 = n3 = 13/3
and x = 1 we can see that only the λ
′′
are generated. Using the Eq. (2.54), we have for example
H(λ′′323) =
1
3(13/3 + 13/3 + 13/3− 1) + [1 + 0)] (2.68)
=5.
In the same way all λ
′′
are obtained.
We can check for example that
H(λ′123) =13/3 + [1 + 3] (2.69)
=25/3,
and
H(λ231) = (13/3 + 13/3 + 13/3− 1)− 2(13/3) + [1 + 7] (2.70)
=34/3,
are fractional.
2.7. SU(5)× U(1)H with several flavons
Differently from the SM case [14], in SU(5) GUTs it is rather difficult to implement the horizon-
tal symmetries, because there is less freedom in choosing the H–charges (see for example [46]).
However, if we allow for several flavons that break the horizontal symmetry, and they are assigned
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to the adjoint representation of SU(5) [47, 48, 49], charges that were forbidden in the singlet
flavon case become allowed, under the assumption that certain representations for the FN [10]
messengers fields do not exist. In contrast to the non-unified SU(3)C×SU(2)L×U(1)Y ×U(1)H
model, where the singlet nature of the flavons is mandatory, in SU(5) × U(1)H assigning the
flavons to the adjoint has the additional bonus that non-trivial group theoretical coefficients
concur to determine the coefficients of the effective operators [47, 48, 49]. In this case, un-
der the additional assumption that at the fundamental level all the Yukawa couplings obey to
some principle of universality [48], the order one coefficients that determine quantitatively the
structure of the mass matrices become calculable. In this thesis we generalize the mechanism of
obtain R–parity from an horizontal symmetry described in Sec. 2.6.1 to the context of SU(5)
SUSY +N̂ .
Chapter 3
Baryonic violation of
R-parity from
anomalous U(1)H
Supersymmetric scenarios with R-parity conservation are becoming very constrained due to the
lack of missing energy signals associated to heavy neutral particles, thus motivating scenarios
with R-parity violation. In view of this, we consider a supersymmetric model with R-parity vio-
lation and extended by an anomalous horizontal U(1)H symmetry. A self-consistent framework
with baryon-number violation is achieved along with a proper suppression for lepton-number
violating dimension-five operators, so that the proton can be sufficiently stable. With the in-
troduction of right-handed neutrinos both Dirac and Majorana masses can be accommodated
within this model. The implications for collider physics are discussed.
3.1. Horizontal model with Baryon-number violation
In the simplest scenario, the U(1)H symmetry is spontaneously broken at one scale close to
Planck mass, MP , by the vacuum expectation value of a SM singlet scalar, the flavon field S,
with H charge −1, which allows us to define the expansion parameter θ = 〈S〉/MP ≈ 0.22 (see
Sec. 2.5). The fermion masses and mixings are determined by factors of the type θn,for which
n is fixed by the horizontal charges of the fields involved. In supersymmetric scenarios, the
order of magnitude of the R-parity violating couplings can also be fixed by the FN mechanism
[1, 11, 14, 33, 53, 55, 51, 78, 79].
In what follows we will constrain the H charge to satisfy the condition |H(fi)| . 10 which
leads to a consistent prediction of the size of the suppression factor θ in the context of string
theories [11, 53](see discussion in Sec. 2.5).
From Eq. (2.54) is straightforward to see the possible scenarios in the context of an anomalous
horizontal Abelian symmetry with a single flavon, reviewed in the introduction. The MSSM is
obtained when N/3, each individual ni and N − 2nk are fractional [14, 34]. Bilinear R-
parity violation1 is obtained when N/3 is fractional and each ni is a negative integer [2, 1].
Another self-consistent R-parity breaking model with L violation can be obtained if N/3 and
1See, for example, Ref. [71] and references therein
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each individual ni are fractional, but some of the N −2nk are integers. In such a case the decays
of the LSP are leptophilic [35].( For these developments see Sec. 2.6).
In this thesis we want to explore the last self-consistent possibility, consisting in the R-parity
breaking model with B violation. It is clear from Eq. (2.54) that if N is an integer and multiple
of 3, and each ni is fractional but not half-integer, then only the 9 λ
′′
ijk are generated. The
specific horizontal charges are
H
λ′′112 λ′′212 λ′′312λ′′113 λ′′213 λ′′313
λ′′123 λ′′223 λ′′323
 =
6 3 16 3 1
5 2 0
+ nλ′′13, (3.1)
where 13 is a 3× 3 matrix filled with ones, and nλ′′ is defined by
nλ′′ = x+
1
3
N . (3.2)
For positive nλ′′ values, the third-generation couplings dominate with fixed ratios between
them: λ′′112 λ′′212 λ′′312λ′′113 λ′′213 λ′′313
λ′′123 λ′′223 λ′′323
 ≈θnλ′′
θ6 θ3 θθ6 θ3 θ
θ5 θ2 1
 nλ′′ ≥ 0 . (3.3)
For negative values some of the couplings start to be forbidden in the superpotential by holomor-
phy, and for nλ′′ < −6 all of them must be generated from the Ka¨hler potential with additional
Planck mass suppression, so that the LSP may be a decaying dark matter candidate as in the
case of L violation studied in Ref. [35]. We will not pursue this possibility in this work because
in that case the phenomenology at colliders should be the same as that in the MSSM.
Below the allowed range for nλ′′ and their consequences at present and future colliders will
be checked.
3.1.1. Constraints from ∆B 6= 0 processes. Several experimental constraints are found on
B violating couplings both for individual and quadratic products of couplings [22]. For individual
couplings, the stronger constraints are for λ11k. Because in our model the predicted order of
magnitude for the coupling λ′′113 is the same as that for λ′′112, the most restrictive constraint is
that obtained for the later and comes from the dinucleon NN → KK width, which according
to Refs. [80, 81] is
Γ ∼ ρN 128piα
2
s|λ′′112|4(Λ˜)10
m2Nm
2
g˜m
8
q˜
, (3.4)
where ρN ≈ 0.25 fm−3 is the nucleon density, mN ≈ mp is the nucleon mass, and αs ≈ 0.12
is the strong coupling. Note that this kind of matter instability requires only B violation and
is suppressed by the tenth power of Λ˜, which parametrizes the hadron and nuclear effects. For
this quantity, order of magnitude variation is expected around of the ΛQCD scale of 200 MeV.
However, Λ˜ is roughly expected to be smaller than ΛQCD because of the repulsion effects inside
the nucleus [81]. From general experimental searches of matter instability [82], lower bounds
similar to the proton lifetime should be used for this specific dinucleon channel [80], and therefore
additional suppression from λ112 could be required. In fact, the first lower bound on dinucleon
decay to kaons has been recently obtained from Super-Kamiokande data [83]
τNN→KK =
1
Γ
> 1.7× 1032 yr .
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Figure 3.1. λ′′112 constraint as a function of squark and gluinos mass, for Λ˜ = 75 GeV and
τNN→KK = 1.7× 1032 yr
From this value, we can obtain a constraint for the B violating coupling:
|λ′′112| . 3.2× 10−7
(
1.7× 1032 yr
τNN→KK
)1/4 ( mg˜
300 GeV
)1/2 ( mq˜
300 GeV
)2(75 MeV
Λ˜
)5/2
, (3.5)
where a conservative value for Λ˜, as in [22], has been used. Large values of Λ˜ give rise to
even smaller upper bounds for |λ112|. In Fig. 3.1, we illustrate the effect of varying gluino and
squark masses. We can see that the constraint still holds strong for large values of the relevant
supersymmetric masses, especially for low-mass gluinos.
For m˜ = mg˜ = mq˜, we can obtain the lower bound
m˜ &(279 GeV)θ(−8+2nλ′′ )/5
(
τNN→KK
1.7× 1032 years
)1/10( Λ˜
75 MeV
)
, nλ′′ ≥− 6 . (3.6)
The excluded supersymmetric masses as function of nλ′′ are illustrated with the yellow (light-
gray) bands in Fig. 3.2. The important restrictions appear for negative powers of θ in Eq. (3.6),
corresponding to nλ′′ ≤ 4. If Λ˜ is increased to 150 MeV, stronger restrictions are obtained, as
illustrated in the dashed bands of Fig. 3.2. We can see that for the full range of equal gluino and
squark masses displayed in figure 3.2, the constraint is strong enough to forbid all the negative
solutions of nλ′′ and also some of the positive solutions depending of the chosen Λ˜ value.
It is also possible to exclude the negative solutions if we use the available quadratic coupling
product bounds. For our model the most important constraint is obtained from the penguin
decays B → φpi [22, 84]. Updating the limit with the last result from BABAR [85]2 to Br(B+ →
2The limit from Belle is Br(B+ → φpi+) < 3.3× 10−7 [86].
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Figure 3.2. The yellow bands (green bands) display the excluded range for m˜ (u˜iR), as a
function of the possible nλ′′ solutions from the constraints in |λ′′112| (|λ′′i23λ′′∗i12|). The gray
dashed bands show the effect of increasing Λ˜ in the |λ′′112| constraint. The affected u˜iR is
indicated for each value of nλ′′ . For nλ′′ < −6, the phenomenology at colliders is expected to
the same as in the MSSM.
φpi+) < 2.4× 10−7, we obtain from Fig. 3 of Ref. [84]
|λ′′i23λ′′∗i12| < 2× 10−5
( mu˜iR
100 GeV
)2
. (3.7)
The excluded right-handed up-squark masses are shown in the green (dark gray) bands of
Fig. 3.2, with the specific generation of up squark labeled inside the band. The solutions with
the additional “*” label, have the quoted λ′′i23 coupling absent from the superpotential. However
it is regenerated at order θ through a Ka¨hler rotation [53] from the dominant coupling still
present in the superpotential. As a result, again the negative solutions are excluded for the full
range of squark masses displayed in the figure. Moreover, the first two positive solutions are also
excluded. In the figure, the gray region for nλ′′ ≤ −7 is also shown. In this case, the holomorphy
of the superpotential forbids all the λ′′ terms and although they will be generated after U(1)H
symmetry breaking via the Ka¨hler potential [12], these terms are suppressed by the additional
factor m3/2/MP [35]. Therefore the LSP is very long-lived and the phenomenology at colliders
is expected to be the same as that in the MSSM.
Therefore, by demanding a B violating model and imposing the constraints on the R-parity
breaking couplings, only positive solutions for nλ′′ remain allowed giving rise to a clear hierarchy
between λ′′ couplings, which have a direct impact on the phenomenology of the LSP. The
dominant coupling turns out to be λ′′323, a feature shared with Refs.[81, 87].
3.1.2. Dimension-five operators and proton decay. So far the U(1)H symmetry has been
used to forbid dimension-four lepton- number violating couplings, in order to keep proton decay
to a safe limit. However, proton decay mediated by λ′′ couplings alone can occur in scenarios
with a gravitino lighter than a proton [88], leading to strong bounds on these couplings. Thus,
by ensuring gravitino masses greater than 1 GeV in these scenarios there will be no contribution
to the proton decay coming from a gravitino, which being the LSP can be also a dark matter
canditate [23, 24, 81, 89, 90].
On the other hand, there are also dimension-five lepton or/and baryon- number violating
couplings, which can induce proton decay. Hence, it is also necessary to check if these terms are
also banned or suppressed enough.
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The nonrenormalizable dimension-five operators in the superpotential W5D and Ka¨hler po-
tential V5D are given by [21, 22, 91, 92]
WD5 =
(κ1)ijkl
MP
Q̂iQ̂jQ̂kL̂l +
(κ2)ijkl
MP
ûiûj d̂kêl +
(κ3)ijk
MP
Q̂iQ̂jQ̂kĤd
+
(κ4)ijk
MP
Q̂iĤdûj êk +
(κ5)ij
MP
L̂iĤuL̂jĤu +
(κ6)i
MP
L̂iĤuĤdĤd, (3.8)
V5D =
(κ7)ijk
MP
ûid̂
∗
j êk +
(κ8)i
MP
Ĥ∗uĤdêi +
(κ9)ijk
MP
Q̂iL̂
∗
j ûk +
(κ10)ijk
MP
Q̂iQ̂j d̂
∗
k. (3.9)
A review of the effect of these operators in the destabilization of the proton is given in
Ref. [93]. In the present case of B violation, we would guarantee a sufficiently stable proton if
the B and L-violating operators with couplings κ1,2 and the L-violating operators with coupling
κ4,7,8,9 are forbidden
3. The operator with coupling κ5, LHuLHu, is not constrained by proton
decays because it violates the lepton number by two units.
The horizontal charges for all the dimension-5 operators are given in Appendix A.1. Given
the fractional values needed for ni in order to get rid of the dimension-four L violating operators
in Eq. (2.10), it turns out that all dimension-five L-violating operators are also automatically
forbidden by the U(1)H symmetry see Eqs. (A.3), ( A.4) and ( A.5). At this stage the U(1)H
symmetry plays the same role as that of a lepton- parity discrete symmetry [21, 91, 92, 94].
3.2. Generation of neutrino masses
Although it is not required the LHuLHu operator be forbidden by U(1)H symmetry to ensure
proton stability, it is unavoidably prohibited because the bilinear charges ni are not half-integers.
Thus, the Majorana mass terms νLνL are automatically forbidden. The same happens with
lepton-parity symmetry, and also within the more general approach of gauge discrete symme-
tries [91, 92, 94], for which the solutions than allow the UDD operator automatically forbid
Majorana neutrinos. The proposed solution in these kinds of frameworks is just to introduce
right-handed neutrinos N with their Majorana mass terms NN forbidden, while keeping the
Yukawa operators containing left- and right-handed neutrinos still allowed, generating in this
way Dirac neutrino mass matrices [95]. When these ideas are applied to our case of horizontal
symmetries, it is also necessary to explain the smallness of the neutrino Yukawa couplings. The
introduction of three right-handed neutrinos Ni (i = 1, 2, 3) allows us to give Dirac masses to
neutrinos by assigning fractional and not half-integer H-charges to Ni, such that the NN terms
remain forbidden.
Let us paramatrize the bilinear H charges as n2 = n1 +α, n3 = n1 +β and for right-handed
neutrinos: N2 = N1 +  and N3 = N1 + ρ. The neutrino Dirac mass matrix reads
Mν ∼ vuθβ+ρ+n1+N1
 θ−β−ρ θ−β−ρ θ−βθα−β−ρ θα+−β−ρ θα−β
θ−ρ θ−ρ 1
 , (3.10)
where vu is the vacuum expectation value developed by the up-type Higgs field. From Eq. (3.2)
we obtain n1 =
1
3 (1− α− β + 3nλ′′ − 3x). Motivated by the recent results of a large value for
θ13 [40, 41, 42, 43], which support those models based on a anarchical neutrino mass matrix
[36, 37, 38, 39], it is convenient to choose α = β =  = ρ = 0 and β + ρ + n1 + N1 = nYν
with nYν being an integer and nYν ≥ 16 in order to generate a neutrino Yukawa coupling
Yν . 10−11. It is worth stressing that since n1 cannot be an integer, the µτ anarchical texture
3The constraints on the operator with coupling κ6 are mild [93]
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x 0 0 0 0 1 0 1 2
nλ′′ 6 7 8 9 9 10 10 10
ni 19/3 22/3 25/3 28/3 25/3 31/3 28/3 25/3
Ni 29/3 26/3 29/3 26/3 29/3 23/3 26/3 29/3
Table 3.1. Some sets of H-charge allowing a self-consistent framework of R-parity breaking
with B violation and Dirac neutrinos.
x 1 1 1 2 2 2 3 3
nλ′′ 5 6 7 6 7 8 8 9
ni 13/3 16/3 19/3 13/3 16/3 19/3 16/3 19/3
ψ −47/6 −53/6 −59/6 −47/6 −53/6 −59/6 −53/6 −59/6
Table 3.2. Sets of H-charges that allow having Majorana neutrinos with H(Ni) = 7/2. For
this scenario there is no lower bound on nλ′′ .
with α = β = −1 [14, 96, 97, 98] is not allowed. However, other textures can be accommodated
in our model [98], such as pseud- µτ anarchy (α = β =  = ρ = −2) and the hierarchical texture
(α =  = −1, β = ρ = −2). An immediate consequence of the anarchy assumption is that the
bilinear charges are equal and are set to ni = nλ′′−x+ 13 , being clearly noninteger numbers. The
H-charges that allow us to obtain a self-consistent framework with the requirements mentioned
above are shown in Table 3.1. It is remarkable that when explaining the neutrino Yukawa
couplings Yν , a lower bound on nλ′′ ≥ 6 emerges, which leads to deep implications on the
phenomenology of the model (see the next Section).
3.2.1. Majorana neutrinos. It is worth mentioning that it is also possible to have Majorana
neutrinos if in addition to the right-handed neutrinos we include in the model a second flavon4,
ψ, with fractional5 H-charge and with a vacuum expectation value approximately equal to θ.
The horizontal charges of these superfields are fixed by new invariant diagrams coming from
Dirac and Majorana mass terms.
In this way, the H-charge of ψ must be such that it does not get coupled to L-violating
operators. Therefore, the respective total H-charge of the full L violating operator would be
either fractional and therefore forbidden, or negative and sufficiently suppressed.
The introduction of an additional flavon field could spoil the proton stability since H-
invariant terms can be obtained by coupling a large number of ψ flavons to dangerous operators.
Therefore it is mandatory to ensure that L violating bilinear, dimension-four and dimension-
five operators are generated through the GM mechanism or have a large Froggatt-Nielsen sup-
pression. The H-charges that allow us to obtain Majorana neutrinos with the requirements
mentioned above, are shown in Table 3.2. To illustrate this point, let us consider the first
solution given in Table 3.2. For that set of H-charges, we have found that the minimum sup-
pression that is achieved for dimension-four and -five operators is L̂1Q̂1D̂1 : m3/2θ
21/MP and
û1û2d̂1ê1 : m3/2θ
2/M2P , which is enough to satisfy the constraints coming from proton decay.
Henceforth, we will combine the solutions allowed by the experimental constraints on R-
parity breaking couplings discussed in Sec. 3.1, with the restrictions to obtain Dirac neutrinos,
and therefore we will only consider solutions with nλ′′ ≥ 6.
4For a model with several flavons see Ref.[66]
5A scenario with Majorana neutrinos and nonanomalous U(1)H symmetry, which is spontaneously broken by two
flavons with opposite H-charge +1 and -1 was obtained in Ref.[99].
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3.3. Implications on collider searches
From a collider physics point of view, there are two main differences between the models with
and without R-parity conservation. When R-parity conservation is assumed, the production of
supersymmetric particles is in pairs, and the LSP is stable leading to missing energy signatures
in the detectors. On the other hand, R-parity violation allows for the single production of
supersymmetric particles and the decay of the LSP involving jets or/and leptons. The R-parity
breaking and B violating operators induce LSP decay directly or indirectly to quarks, including
the top if LSP is sufficiently massive6. Given that the LSP is no longer stable due to R-parity
violation, in principle the LSP can be any supersymmetric particle [20, 22, 100]. For recent
phenomenological studies in supersymmetric scenarios with R-breaking through B violating,
see, e.g. Refs. [27, 28, 29, 30, 31, 89, 100, 101, 102, 103, 104, 105, 106, 107, 108, 109,
110, 111, 112] and in particular, Refs. [81, 87].
The phenomenology of the model at LHC is basically the same studied in the SSM with
minimal flavor violation (MFV) [81] and partial compositeness [87]. In fact, in Ref. [81] they
also get a hierarchy in which the third-generation couplings dominate with fixed ratios between
them. Fixing the expansion parameter as θ = 0.22, their set of R-parity breaking parameters
can be written asλ′′112 λ′′212 λ′′312λ′′113 λ′′213 λ′′313
λ′′123 λ′′223 λ′′323
 ≈ tan2 βMFV
θ24 θ18 θ13θ19 θ14 θ12
θ16 θ13 θ11
 = θnMFV
θ13 θ7 θ2θ8 θ3 θ
θ5 θ2 1
 , (3.11)
with θnMFV = θ11 tan2 βMFV. Comparing with Eq. (3.3), we can see that the set of predicted
couplings until order θnMFV+3 is basically the same as in our case (with the exception of their
λ′′312 which has an additional suppression factor of θ). Therefore, the phenomenology of both
theories for R-parity violation should be the same at the LHC. In fact, the phenomenology of
Ref. [81] for the leading couplings was analyzed in detail at the LHC with the results presented
as function of tanβMFV. The specific values at tanβMFV ≈ (44.5, 20.7, 9.7, 4.6, 2.1) in several
plots of Ref. [81] correspond to the discrete set of solutions nλ′′ = (6, 7, 8, 9, 10) respectively, in
our model. In particular several plots there, they explore the decay length (cτ) for LSP masses
in the range of 100− 800 GeV. When the stop is the LSP for example, displaced vertices (DV)
are expected for nλ′′ = 10. For a sbottom LSP it is possible to have DV for nλ′′ = 9, 10, while
the three-body decays of a LSP neutralino could generate DV for nλ′′ = 8, 9, 10. In the same
vein, because decays of the stau LSP involves four particles in the final state, DV are expected
for nλ′′ ≥ 6.
Recent phenomenological analysis in R-parity breaking trough UDD operators has focused
on prompt decay for stops and sbottoms [81, 105, 113, 114]. However, the experimental
results about DV at the LHC are, in general not directly applicable to these kinds of models,
because high pT leptons are required for trigger the events [115, 116, 117], and to be part of the
DV [116, 117]. We assume in the discussion below that pure hadronic DV are still compatible
with light squarks and gluinos.
Regarding collider searches, a pair produced gluino with a prompt decay to three jets has
been searched by CDF [118], CMS [119, 120] and ATLAS [121].7 CMS results constrain the
gluino mass to be in the ranges 144 < mg˜ < 200 GeV or mg˜ > 460 GeV. However, ATLAS
already excludes gluino masses up to mg˜ . 666 GeV. In general, these bounds do not apply
6If a supersymmetric partner of some SM particle is the nest-to-the-lightest-supersymmtric particle with the gravitino
as the LSP, our phenomenological results would not change.
7In this analysis all the superpartners except for the gluinos are decoupled, and some reinterpretation would be needed
to apply the results to a more generic SUSY spectrum.
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when the gluino is not the LSP [81, 113]. On the other hand, CDF [122], ATLAS [123, 124]
and CMS [125] also have performed searches for pair production of dijet resonances in four-
jet events without putting appreciable constraints on stops decaying to dijets. Therefore, the
already analyzed data at the LHC still allow for low squarks and gluinos in scenarios with
R-parity breaking through B-violating couplings [101, 113]
We have seen that both this single-flavon horizontal (SFH) and the MFV models, lead to
a realistic and predictive framework which could be more easily probed at LHC than some ad
hoc version or R-parity breaking with B violation. In fact, recently in [112] the CMS results on
searches for new physics in events with same-sign dileptons and b jets [126] have been recasting
in a simplified version of the R-parity breaking MFV model where it is assumed one spectrum
with only two light states: a gluino and a stop. All other SUSY particles are assumed to be
either too heavy or too weakly coupled to be relevant at the LHC. Furthermore, the stop is
assumed to be the LSP, and mg˜ > mt˜+mt.
8 Under these conditions they are able to set a lower
bound on the gluino mass about 800 GeV at 95% of confidence level.9 The same bound could
apply to the SFH model with R-parity breaking presented in this work.
In order to really probe this single-flavon horizontal (or the MFV) R-parity breaking model,
the full textures in Eq. (3.1) or (3.11) should be probed. However, relations between different
branching ratios could be measured only in e+e− colliders. In a stop LSP scenario, it can
decay directly into two down quarks of different generations through the λ′′3jk coupling. In this
case, the hierarchy between λ′′ couplings allows for estimate several fractions of branchings, e.g.
Br(t˜ → s¯b¯)/Br(t˜ → d¯s¯)/ ∼ θ2. A sbottom LSP, with a mass larger than the top mass, may
show the clear hierarchy Br(b˜ → t¯s¯)/Br(b˜ → c¯s¯)/ ∼ θ4. For a neutralino LSP with m0χ˜ > mt,
the dominant coupling λ′′323 entails Br(χ˜→ tdb)/Br(χ˜→ tsb) ∼ Br(χ˜→ tds)/Br(χ˜→ tsb) ∼ θ2
and Br(χ˜ → csb)/Br(χ˜ → tsb) ∼ θ4. For the case mχ˜ < mt the main neutralino decay is
then controlled by λ′′223, and will produce charm quarks with ratios of branching ratios given by
Br(χ˜→ cdb)/Br(χ˜→ csb) ∼ Br(χ˜→ cds)/Br(χ˜→ csb) ∼ θ2.
8As a consequence the gluino branching to stop-top is equal to 1.
9The obtained lower bound only apply if the gluino is a Majorana particle.
Chapter 4
Neutrino masses in
SU(5)× U(1)H with
adjoint flavons
We present a SU(5) × U(1)H supersymmetric model for neutrino masses and mixings that
implements the seesaw mechanism by means of the heavy SU(2) singlets and triplets states
contained in three adjoint of SU(5). We discuss how Abelian U(1)H symmetries can naturally
yield non-hierarchical light neutrinos even when the heavy states are strongly hierarchical, and
how it can also ensure that R–parity arises as an exact accidental symmetry. By assigning two
flavons that break U(1)H to the adjoint representation of SU(5) and assuming universality for all
the fundamental couplings,the coefficients of the effective Yukawa and Majorana mass operators
become calculable in terms of group theoretical quantities. There is a single free parameter in the
model, however, at leading order the structure of the light neutrinos mass matrix is determined
in a parameter independent way.
4.1. Theoretical framework
4.1.1. Same sign and both signs Abelian charges. Sometimes symmetry considerations
are sufficient to determine univocally the structure of the low energy operators, however, other
times a detailed knowledge of the full high energy theory is needed. Let us consider for example
a U(1)H symmetry and assume that all the heavy and light states have charges of the same
sign, say positive. Then a single spurion −1 with a negative unit charge is involved in the
construction of all U(1)H (formally) invariant operators. Let us consider the dim = 5 seesaw
operator LD5 ∼ −gαβ2M
(
¯`
αH
) (
HT `cβ
)
, where `α are the lepton doublets and H is the Higgs field,
that for simplicity we take neutral under the Abelian symmetry F (H) = 0. Since the only
spurion useful to construct (formally) invariant operators is −1, one can easily convince himself
that the structure of gαβ, and thus the structure of the light neutrino mass matrix, is univocally
determined by the F charges of the light leptons as: gαβ ∼ F (`α)+F (`β)−1 , while the F -charges of
whatever heavy states of mass ∼M are inducing the effective operator are irrelevant.1 We can
1It should be remarked that, contrary to what is sometimes stated, Abelian U(1)H symmetries allow to arrange very
easily for non-hierarchical light neutrinos together with strongly hierarchical heavy neutrinos (as are often preferred in
leptogenesis) by simply choosing F (`α) = F (`) for all α, and F (N1) F (N2) F (N3).
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conclude that in this case one does not need to consider the details of the high energy theory,
since the structure of the low energy effective operators can be straightforwardly read off from
the charges of the light states.
However, if we allow for U(1)H charges of both signs, then both symmetry breaking spurions
−1 = +1 =  are relevant. This implies that naive charge counting applied to the low energy
effective operators is unreliable, since basically a factor n, as estimated in the low energy
theory, could correspond instead to n+m+1 · m−1 ∼ n+2m. Clearly the naive estimate can result
in a completely different (and wrong) structure with respect to the one effectively generated
by the high energy theory. We illustrate this with a simple example: let us take two lepton
doublets with charges F (`1) = −F (`2) = +1 and again F (H) = 0. The structure of the light
neutrino mass matrix read off from the lepton doublets charges would be given by the low energy
coefficient:
gαβ ∼
(
2 1
1 2
)
. (4.1)
This corresponds to a pair of quasi degenerate (pseudo-Dirac) light neutrinos.
Now, let us assume that the fundamental high energy (seesaw) theory has two right handed
neutrinos with charges F (N1,2) = +1. For the heavy mass matrix MN , its inverse, and for the
Yukawa coupling Yαi ¯`αNi we obtain:
MN ∼ 2
(
1 1
1 1
)
, M−1N ∼ −2
(
1 1
1 1
)
, Y ∼
(
1 1
2 2
)
. (4.2)
The resulting effective low energy coefficient is:
gαβ ∼ YM−1N Y T ∼ −2
(
1 2
2 4
)
, (4.3)
which (for   1) corresponds to very hierarchical and mildly mixed light neutrinos, that is a
completely different result from the previous one.
The model we are going to describe in this paper requires fermions with charges of both signs,
as well as a pair of positively and negatively charged spurions. Therefore a detailed knowledge of
the high energy theory is mandatory, and accordingly we will explicitly describe all its relevant
aspects.
4.1.2. Outline of the SU(5)×U(1)H model. We assume that at the fundamental level all the
Yukawa couplings are universal, and that all the heavy messengers states carrying U(1)H charges
have the same mass, as it would happen if the masses are generated by the vacuum expectation
values (vev) of some singlet scalar. With these assumptions, the only free parameter of the
model is the ratio between the vacuum expectation value of the flavons and the mass of the
heavy vectorlike FN fields. This parameter is responsible for the fermion mass hierarchy, and
all the remaining features of the mass spectrum are calculable in terms of group theoretical
coefficients. More precisely, in our model the flavor symmetry is broken by vevs of scalar fields
〈Σ±〉 in the 24–dimensional adjoint representation of SU(5), where the subscripts refer to the
values ±1 of the U(1)H charges that set the normalization for all the other charges. The vevs
〈Σ+〉 = 〈Σ−〉 = Va with Va = V · diag(2, 2, 2,−3,−3)/
√
60 are also responsible for breaking the
GUT symmetry down to the electroweak–color gauge group. The size of the order parameters
breaking the flavor symmetry is then  = V/M where M is the common mass of the heavy
FN vectorlike fields. This symmetry breaking scheme has two important consequences: power
suppression in  appear with coefficients related to the different entries in Va, and the FN fields
are not restricted to the 5, 5, or 10, 10, multiplets as is the case when the U(1)H breaking is
triggered by singlet flavons [47, 48].
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The model studied in [48] adopted this same scheme, and yields a viable phenomenology,
since it produces quark masses and mixings and charged lepton masses that are in agreement with
the data. The U(1)H charge assignments of the model yield U(1)H mixed anomalies, that are
canceled trough the Green-Schwartz mechanism [64]. The values of the charges are determined
only modulo an overall rescaling, that may be appropriately chosen in order to forbid baryon
and lepton number violating couplings. However, with the choice of charges adopted in [48],
both ∆L = 1 and ∆L = 2 violating operators were forbidden, and thus the seesaw mechanism
could not be embedded in the model. In order to avoid this unpleasant feature, in this work
we explore the possibility of forbidding just the ∆L = 1 operators while allowing the ∆L = 2
seesaw operator for neutrino masses. We will show that by means of a suitable choice of the F
charges, the seesaw mechanism can be implemented, and one can obtain neutrino masses and
mixings in agreement with oscillation data, while ∆L = 1 and ∆B 6= 0 (and thus R–parity
violating) operators are forbidden at all orders by virtue of the F -charges. Moreover, the scale
of the heavy seesaw neutral fermions remains fixed, and lies a few order of magnitude below the
GUT scale, and is of the right order to allow the generation of the baryon asymmetry through
leptogenesis.
4.1.3. Charge assignments. The F charges have to satisfy some specific requirements in
order to yield a viable phenomenology. In the following we denote for simplicity the various F
charges with the same label denoting the corresponding SU(5) multiplet. To allow a Higgsino
µ–term at tree level, we must require
5
φd + 5φu = 0 , (4.4)
where 5
φd , 5φu denote the F -charges of the chiral multiplets containing the SU(2) Higgs doublets
φd, φu. It is easy to see that with the constraint (4.4) the overall charge of the Yukawa operators
for the charged fermion masses 10I 5¯J 5¯
φd and 10I10J5φu , that are even under R–parity, are
invariant under the charge redefinitions [48]:
5¯I → 5¯I + an (4.5)
10I → 10I − an
3
5¯φd → 5¯φd − 2an
3
5φu → 5φu +
2an
3
,
where I = 1, 2, 3 is a generation index, and an is an arbitrary parameter that can be used to
redefine the charges. Assuming 5φu = 0, then the anomalous solution that was chosen in ref. [48]
can be written as
5φu = 5
φd =0 , 5I = 2
I − 7 , 10I = 3− I . (4.6)
Starting from a set of integer charges, and redefining this set by means of the shift Eq. (4.5)
with
an = −3
2
(
2n
5
+ 1
)
, (4.7)
where n is an integer, it is easy to see that the R–parity violating operators 10I 5¯J 5¯K and 5¯I5φu
have half–odd–integer charges, and hence are forbidden at all orders by the U(1)H symmetry.
To generate neutrino masses, we now introduce three heavy multiplets NI (I = 1, 2, 3)
with half–odd–integer F–charges, that we assume corresponding to adjoint representations 24.
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The adjoint of SU(5) contains two types of SU(2) multiplets that can induce at low energy
the dimension five Weinberg operator [127]: one SU(2) × U(1) × SU(3) singlet that allows to
implement the usual type I seesaw, and one U(1)×SU(3) singlet but SU(2) triplet giving rise to
a type III seesaw [128, 129, 130]. Contributions from these two types of multiplets unavoidably
come together, so that by assigning ‘right handed neutrinos’ to the 24 of SU(5) one necessarily
ends up with a type I+III seesaw.2 This slightly more complicated seesaw structure is not crucial
for our construction, but we still keep track of it for a matter of consistency.
The half–odd–integer charges of the new states, after the charges of the other fields have
been shifted according to Eqs. (4.5) and (4.7), can be parameterized as
NI =
2mI + 1
2
, (4.8)
where mI are integers. The effective superpotential terms that give rise to the seesaw are
Wseesaw = Y
IJ
ν 5I 5φu NJ +
1
2M
IJ
R NINJ . (4.9)
The coefficient Y IJν of the Dirac operator in Eq. (4.9) is determined by the following sums of
F–charges:
5I + 5φu + NJ =2
I − 7 + an + 2an/3 +NJ
=2I − 9 + n+mJ .
Explicitly:
F (5I 5φu NJ) =
−7− n+m1 −7− n+m2 −7− n+m3−5− n+m1 −5− n+m2 −5− n+m3
−1− n+m1 −1− n+m2 −1− n+m3
 . (4.10)
For the mass operator of the adjoint neutrinos we have the following (integer) F–charges
NI + NJ =1 +mI +mJ ,
F (NI NJ) =
 1 + 2m1 1 +m1 +m2 1 +m1 +m31 +m1 +m2 1 + 2m2 1 +m2 +m3
1 +m1 +m3 1 +m2 +m3 1 + 2m3
 . (4.11)
The light neutrino mass matrix is then obtained from the seesaw formula
Mν ≈− v2 sin2 β YνM−1R Y Tν , (4.12)
where v = 175 GeV, and it is left understood that in Eq. (4.12) the contributions of the SU(2)
singlets and triplets are both summed up. As is implied by the FN mechanism, the order of
magnitude of the entries in Yν and MR is determined by the corresponding values of the sums
of F charges Eqs. (4.10) and (4.11) as:
Y IJν ∼ |5I+5φu+NJ |
M IJR ∼M · |NI+NJ | = V · |NI+NJ |−1 . (4.13)
where in the second relation M is the mass of the FN messengers fields and in the last equality
we have used M = −1V . Note that since we have two flavon multiplets Σ± with opposite
charges, the horizontal symmetry allows for operators with charges of both signs, and hence
the exponents of the symmetry breaking parameter  in Eq. (4.13) must be given in terms of
the absolute values of the sum of charges. In FN models only the order of magnitude of the
entries in Eq. (4.13) are determined, and it is generally assumed that non-hierarchical order
one coefficients multiply each entry. However, in our model the assumption of universality for
2We thank the referee for bringing this point to our attention.
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the fundamental Yukawa couplings has been made in order to avoid arbitrary O(1) numbers of
unspecified origin.3 The coefficients multiplying each entry in Eq.(4.13) can be in fact computed
with the same technique introduced in [48] for computing the down-quark and charged lepton
masses. In summary, the order of magnitude of the various entries in Mν is determined by the
appropriate powers of the small factor  while, as we will see, the details of the mass spectrum
are determined by non-hierarchical computable group theoretical coefficients, that only depend
on the way the heavy FN states are assigned to SU(5) representations.
4.1.4. Coefficients of the Dirac and Majorana effective operators. In this section we
analyze the contributions of different effective operators to Yν and to MR, showing that a
phenomenologically acceptable structure, able to reproduce (approximately) the correct mass
ratios and to give reasonable neutrino mixing angles can be obtained.
We assume that a large number of vectorlike FN fields exist in various SU(5) representa-
tions. Since we assign the heavy Majorana neutrinos to the adjoint N, the possible FN field
representations R can be identified starting from the following tensor products involving the
representations of the fields in the external lines (see the diagrams in Fig. 4.1):
5⊗ 5φu =1⊕ 24 , (4.14)
5 ⊗ Σ =5⊕ 45⊕ 70 , (4.15)
N ⊗Σ =1S ⊕ 24S ⊕ 24A ⊕ 75S ⊕ 126A
⊕ 126A ⊕ 200S , (4.16)
where the subscripts S,A in the last line denote the symmetric or antisymmetric nature of the
corresponding representations. We assume that all FN fields transform nontrivially under SU(5),
and thus that no singlet exists and, for simplicity, we restrict ourselves to representations with
dimension less than 100, which results in the following possibilities R = 24, 5, 45, 70.
Pointlike propagators: Since the mass M of these fields is assumed to be larger than 〈Σ±〉 ∼
ΛGUT, the contributions to the operators in Eq. (4.9) can be evaluated by means of insertions
of effective pointlike propagators. As in [48] we denote the contractions of two vectorlike fields
in the representation R, R as [
Rabc...de... R
pq...
lmn...
]
= − i
M
Sabc...pq...de...lmn... , (4.17)
where all the indices are SU(5) indices, and S is the appropriate group index structure. The
structures S for [5a 5¯b],
[
45abc 4¯5
n
lm
]
and
[
70abc 7¯0
n
lm
]
(and for several other SU(5) representa-
tions) can be found in Appendix A of [48]. In addition we need the following contractions
iM
[
24ab 24
l
m
]
S
= (SS)a lbm =
5
2
[
δam δ
l
b + δ
a
l δ
m
b
]
− δab δlm , (4.18)
iM
[
24ab 24
l
m
]
A
= (SA)a lbm =
5
2
[
δam δ
l
b − δal δmb
]
. (4.19)
These two expressions are obtained by imposing the traceless condition for the adjoint (SS,A)a lam =
(SS,A)a lb l = 0 and the normalization factor is fixed by the requirement that the (subtracted) sin-
glet piece δab δ
l
m in Eq. (4.18) provides the proper singlet contraction, that is, by inserting the
singlet in the diagram of Fig.4.1(b) we require that the operator
(
5a5
a
φu
)
·
(
NjlΣ
l
j
)
is obtained
with unit coefficient.
3This condition excludes the simple (and often used) charge assignments in which there are two zero eigenvalues in
the light neutrino mass matrix, as in [14, 46].
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Vertices: All the vertices we need involve 5φu or the adjoint Σ with the external fermions 5¯
and N, or with the FN representations R in the internal lines. The vertices have the general
form −iλV where λ is universal for all vertices. Including symmetry factors, the relevant field
contractions V = R 5φu R′ or V = R Σ R′, with R,R′ = 5, 24, 45, 70, are:
5¯a24
a
b5
b 5¯a24
c
b45
ba
c 5¯a24
c
b70
ba
c 24
a
c24
c
b (24S,A)
b
a . (4.20)
4¯5
c
ab24
↑b
d45
da
c
1
2
4¯5
c
ab24
↓d
c45
ba
d (4.21)
7¯0
c
ab24
↑b
d70
da
c
1
2
7¯0
c
ab24
↓d
c70
ba
d 4¯5
c
ab24
b
d70
da
c , (4.22)
where the vertices in the first line describe the couplings of the external states (5 and N) with
heavy FN fields and flavons, while the last two lines involve only heavy FN fields and flavons.
There are two inequivalent ways of contracting the indices for the vertices involving the 24 with
pairs of 45 and 70 in the last two lines [48]. They are distinguished in Eqs. (4.21) and (4.22)
by an up (24↑) or down (24↓) arrow-label. As explained in [48], this can be traced back to the
fact that these representations are contained twice in their tensor products with the adjoint.
Relevant multiplet components: We write the SU(5)× U(1)H breaking vevs as
〈Σ±〉 = V√
60
× diag(2, 2, 2,−3,−3) , (4.23)
where the factor 1/
√
60 gives the usual normalization of the SU(5) generators, Tr(RaRb) =
(1/2)δab, and the coefficients of the left handed neutrino couplings to the SU(2) singlet ν φ0uNS
and SU(2) triplet ν φ0uNT as well as the Majorana neutrinos mass terms NS,T NS,T are obtained
by projecting the representations 5, 5φu and N onto the relevant field components according to
ν = −55 = −δa5 5a (4.24)
φ0u = 5
5
φu = δ
5
b 5
b
φu (4.25)
NS =
1√
60
diag(2, 2, 2, −3, −3) ·N24 . (4.26)
NT =
1√
60
diag(0, 0, 0,
√
15, −
√
15) ·N3 . (4.27)
where the subscripts in N24 (singlet) and N3 (neutral component of the triplet) refer to the
corresponding SU(5) generators. The assumption of a unique heavy mass parameter M for the
FN fields and of universality of the fundamental scalar-fermion couplings λ yield a remarkable
level of predictivity. In particular, for the vertices involving Σ± we can always reabsorb λV → V .
This leaves just an overall power of λ common to all effective Yukawa operators that involve
one insertion of the Higgs multiplet 5φu (see the diagrams in Figs. 4.1) and no λ at all for the
contributions to MR, (see the diagrams in Figs. 4.2).
The contributions to Yν and MR at different orders can be computed using the vertices V
given in Eqs. (4.20)-(4.22) and the relevant group structures S in Eqs. (4.18), (4.19) and in
Appendix A of [48], that account for integrating out the heavy FN fields. Additionally, the
multiplets 5¯, N, and 5φu in the external legs of the diagrams must be projected on the relevant
components according to Eqs. (4.24)-(4.27) and the flavons Σ± have to be projected onto the
vacuum according to Eq. (4.23).
We have evaluated the Yν including the contributions up to O(2) that are diagrammatically
depicted in Figs. 4.1: 4.1(a) O(0); 4.1(b)–4.1(c) O(1); 4.1(d)–4.1(f) O(2). MR has been
computed including contributions with three insertions of the flavons Σ± corresponding to the
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(a) (b) (c)
5
Σ
R
Σ
R R
5φu
R N
(d) (e) (f)
Figure 4.1. Diagrams contributing to Yν at different orders. The lowest order coefficient
corresponding to diagram (a) is y0 = 3. Diagrams (b)–(c) contribute at O(1) and yield the
coefficients y1 in the second column in Table 4.2. Diagrams (d)–(f) contribute at O(2) and give
the coefficients y2 in the fourth column of the table.
5¯1 5¯2 5¯3 101 102 103 5φu = −5φd N1 N2 N3
−2910 - 910 3110 1310 310 − 710 75 52 −12 −112
Table 4.1. F–charges obtained with n = −6 in Eq. (4.7), and m1 = 2, m2 = −1, and m3 = −6
in Eq. (4.8).
diagrams in Figs. 4.2: 4.2(a) O(); 4.2(b) O(2); 4.2(c) O(3). At each specific order, the
contributions to specific entries in Yν and MR can be written as
Y (i)ν = λα
i+1 i · (ySi + yTi ) , (4.28)
M
(i)
R = V α
i+3 i · (rSi+1 + rTi+1) = M αi+3 i+1 · (rSi+1 + rTi+1) , (4.29)
where α = 1/
√
60 is the normalization factor for Σ and for the NS,T in the adjoint, V = M
with V defined in Eq. (4.23), and yS,Ti and r
S,T
i+1 are the nontrivial group theoretical coefficients,
that we have computed for i = 0, 1, 2 and for the singlet (S) and triplet (T ) contributions to the
seesaw Lagrangian. The corresponding results for yS,Ti are given in Table 4.2 (where we have
followed the notation of [48]), while the results for rS,Ti+1 are given in Table 4.3.
We have searched for all possible charge assignments with absolute values of the F charges
smaller than 10, and we have examined the resulting neutrino mass matrices. We have found
some promising possibilities. If we choose, for example, in Eqs. (4.10) and (4.11), n = −6 and
m1 = 2, m2 = −1, m3 = −6, we obtain the F–charges shown in Table 4.1, which can be obtained
from the set given in Eq. (4.6) through the redefinitions Eqs. (4.5) with a−6 = 21/10.
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N
Σ
24
Σ
24 N
N
Σ
24
Σ
24 24
Σ
24 N
(a) (b) (c)
Figure 4.2. Diagrams contributing to MR at different orders. The lowest order coefficient r1
is obtained from diagram (a), r2 from (b), and r3 from (c).
According to Eq. (4.10), this set of F–charges gives the following orders of magnitude for
Yν :
Yν ∼λ
  2 73 1 5
7 4 
 . (4.30)
Neglecting terms of O(4) and higher, including the coefficients yS,Ti and the appropriate powers
of the normalization factor α, this reads:
Y S,Tν ≈λα
 y1(α) y2(α)2 0y3(α)3 y0 0
0 0 y1(α)
S,T . (4.31)
where the superscript S,T outside the matrix is a shorthand for yS,Ti inside the matrix. Simi-
larly, according to Eq. (4.11) and (4.13) we have for the entries in MR the following orders of
magnitude:
MR ∼V
4 1 21 0 5
2 5 10
 . (4.32)
Neglecting terms of O(4) and higher, and taking into account the coefficients rS,Ti and α, we
obtain
MS,TR ≈ V α3
 0 r2(α) r3(α)2r2(α) r1 0
r3(α)
2 0 0
S,T . (4.33)
According Eq. (4.12), the resulting light neutrino mass matrix then is
Mν ≈− v
2 sin2 β
αV
λ2
∑
S,T
 1
r1 r3
 0 0 y
2
1r1
0 y20r3 −y0y1r2
y21r1 −y0y1r2 1r3 y21r22

 , (4.34)
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where we have neglected in each entry corrections of O(α)2 and higher, and we have suppressed
the subscripts S,T not to clutter the expression. It is remarkable that at leading order the
structure of the light neutrino mass matrix remains determined only in terms of the group
theoretical coefficients yS,Ti and r
S,T
i , and in particular it does not depend on the hierarchical
parameter . Let us also note that this matrix corresponds to the two zero–texture type of
neutrino mass matrix discussed in [131]. As regards the scale αV appearing in the denominator
of Eq. (4.34), it can be directly related with the unification scale, defined as the mass scale of
the leptoquarks gauge fields MX = MY [132]:
ΛGUT = MX = 5 g5 αV , (4.35)
where g5 ≈ 0.7 is the unified gauge coupling at ΛGUT ' 1016.
It is remarkable to note that both Yν and MR are hierarchical, with the first one having a
hierarchy between its eigenvalues of O(α) and the second one of O(α2). The light neutrino
mass matrix computed naively (and erroneously, see Section 4.1.1) from the effective seesaw
operator using only the charges of the 5I multiplets, would also be hierarchical. However, the
resulting Mν is not hierarchical, and in fact at leading order it does not depend at all on 
but only on the group theoretical coefficients yS,Ti and r
S,T
i . It is precisely the presence of F
charges of both signs for the fields and for the two flavons that yields the possibility of obtaining
non-hierarchical neutrino masses and large mixing angles, although the whole scenario is defined
at the fundamental level in terms of a small hierarchical parameter .
Let us comment at this point that, as it is discussed in [48], corrections from sets of higher
order diagrams to the various entries in Yν and MR can generically be quite sizable, although
suppressed by higher powers of . This is because at higher orders the number of diagrams
contributing to the various operators proliferate, and the individual group theoretical coefficients
also become generically much larger, as can be seen in Tables 4.2 and 4.3. By direct evaluation
of higher orders corrections, the related effects were estimated in [48] to be typically of a relative
order ∼ 20%− 30%. To take into account the possible effects of these corrections, we allow for
a ∼ 25% uncertainty in the final numerical results.
4.2. Numerical analysis
Allowing for all the contributions listed in Table 4.2, the resulting coefficient at O() for Y Sν
would be yS1 = −174 that is too large to reproduce the neutrino oscillation data. We will then
assume that only some contributions are present. This is easily achieved by assuming that no
FN fields exist in the representations 7039/10, 70−41/10, 4539/10 and 45−41/10, and this results in
much smaller coefficients yS1 = −24 and yT1 = −18
√
15 that are determined by the yS,T1 entries in
the first and third lines in Table 4.2, and that are the one we will use henceforth. (The absence
of these representations also implies that several contributions to the higher order coefficient
yS,T2 are absent, which yields much smaller values y
S,T
2 ∼ 102 instead than ∼ 103, see Table 4.2.
In any case, since at leading order Mν Eq. (4.34) does not depend on y
S,T
2 , this only affects the
higher order corrections.) As regards the contributions to MR, they arise only from insertions
of the 24, and thus they are not affected by the absence of 70 and 45.
By using in Eq. (4.34) (yS0 , y
T
0 ) = (3,
√
15), (yS1 , y
T
1 ) = (−24,−18
√
15) and the values of
(rSi , r
T
i ) given in Table 4.3, we obtain
Mν ≈ − 5 (λ sinβ)2 g5 v
2
ΛGUT
 0 0 −1.00 −0.47 −0.68
−1.0 −0.68 −1.0
 . (4.36)
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1 yS1 y
T
1 
2 yS2 y
T
2
[5φuΣ] [5φuΣΣ]
O(; 24S) −15 −15
√
15 O(2; 24S,24S) −75 −225
√
15
O(; 24A) 0 0 O(
2; 24A,24S) 0 0
O(2; 24S,24A) 0 0
O(2; 24A,24A) 0 0
[Σ5φu ] [Σ5φuΣ]
O(; 5) −9 −3√15 O(2; 5,24S) −45 −45
√
15
O(2; 5,24A) 0 0
O(; 45) 75 −15√15 O(2; 45,24S) 300 −180
√
15
O(2; 45,24A) 0 0
O(; 70) −225 −15√15 O(2; 70,24S) −900 −180
√
15
O(2; 70,24A) 0 0
[ΣΣ5φu ]
O(2; 5,5) −27 −9√15
O(2; 5,45) 225 −45√15
O(2; 5,70) −675 −45√15
O(2; 45,5) 225 75
√
15
O↑(2; 45,45) 1425 −285√15
O↓(2; 45,45) 525 −105√15
O(2; 45,70) 1125 75
√
15
O(2; 70,5) −675 −225√15
O(2; 70,45) −1125 225√15
O↑(2; 70,70) −4725 −315√15
O↓(2; 70,70) −675 −45√15
ΣRO(; R) −174 −48
√
15 ΣRO(
2; R) −5097 −1329√15
Table 4.2. Operators contributing to Yν =
∑
i Y
(i)
ν at O() and O(2) and values of the
corresponding coefficients yi = Y
(i)
ν /
(
λαi+1 i
)
for the singlet (S) and triplet (T ) components.
The value of the O(1) coefficients are yS0 = 3 and yT0 =
√
15. An example of calculating an
entry in the table is given in Appendix A.2
With v = 175 GeV and ΛGUT ≈ 1016 GeV the numerical value of the prefactor is≈ 0.008 (sinβ λ)2 eV.
For tanβ ≈ 10 (tanβ ≈ 1) the atmospheric mass scale ≈ 0.05 eV can then be reproduced for
acceptable values of the coupling λ ∼ 1.9 (2.7) .
Our model is based on the successful model for the d-quark and leptons masses discussed in
Ref. [48], and we have checked that the absence of the representations that we have forbidden
here do not affect the results of this previous study. In particular, by using the coefficients
calculated in Ref. [48] we have for the matrix of the charged leptons Yukawa couplings
Y e '
 4 5 4−2.93 3.82 10.23
−7.63 9.22 2.3
 . (4.37)
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1 (rS1 , r
T
1 ) 
2 (rS2 , r
T
2 ) 
3 (rS3 , r
T
3 )
[Σ] [ΣΣ] [ΣΣΣ]
O(; 24) (−30,−90) O(2; 24S) (−150,−1350) O(3; 24S,24S) (−750,−20250)
O(2; 24A) (0, 0) O(
3; 24A,24S) (0, 0)
O(3; 24S,24A) (0, 0)
O(3; 24A,24A) (0, 0)
ΣRO(; R) (−30,−90) ΣRO(2; R) (−150,−1350) ΣRO(3; R) (−750,−20250)
Table 4.3. Operators contributing to MR =
∑
iM
i
R at O(), O(2) and O(3), and values of
the corresponding coefficients ri = M
(i−1)
R /
(
V αi+2 i−1
)
for the singlet (S) and triplet (T )
components.
To compute neutrino mixing matrix UPMNS = Uν (V
e
L)
†, besides the matrix Uν that diagonalizes
Mν in Eq. (4.36), we also need V
e
L that diagonalizes the left-handed product Y
eY e†. We obtain
V eL ∼
 1. 10−5 10−510−5 −1 0.02
10−5 0.02 1
 . (4.38)
that is approximately diagonal, and thus UPMNS ≈ Uν . Allowing for a ∼ 25% numerical
uncertainty in the entries of the matrix in Eq. (4.36), we find that it is possible to fit the
neutrino oscillation data, with the exception of sin2 θ12 ∼ 0.5 for which a particularly large
corrections is needed. Finally, the mass of the lightest heavy singlet and triplet neutrino states
can be obtained from Eq. (4.33) and are
MS1 ≈ 5× 1011 GeV , (4.39)
MT1 ≈ 1.5× 1013 GeV . (4.40)
In particular the mass of the singlet Majorana neutrino is of the right order of magnitude to
allow for thermal leptogenesis [9].

Chapter 5
Conclusions
In this thesis we have obtained a supersymmetric R-parity breaking model with B violation by
considering the most general supersymmetric standard model allowed by gauge invariance and
extending it with a SFH U(1)H symmetry. The generated effective theory at low energy has
only the particle content of the SSM. After imposing existing constraints in both single and
quadratic R-parity violating (RPV) couplings, only one precise hierarchy remains depending
on a global suppression factor θnλ′′ (n′′λ > 1) with λ
′′
323 as the dominant coupling and very
suppressed couplings for the first two generations. Additional suppression is required in order to
obtain Dirac neutrino masses in the model, and only solutions with n′′λ ≥ 6 remain allowed. In
this way, the resulting RPV and B-violating model also explaining neutrino masses is powerful
enough to satisfy all the existing constraints on RPV. In particular, the U(1)H symmetry also
ensures that dimension-five L-violating operators are sufficiently suppressed so that the decay
of the proton is above the experimental limits. The resulting underlying theory for the RPV
operators is quite similar to that obtained after imposing the MFV hypothesis on a general RPV
model (at least until couplings of order θnλ′′+3), and therefore the predictions of both models are
the same at the LHC. The phenomenology at colliders depends strongly on the nature and decay
length of the LSP. Specific searches at the LHC for the RPV with B violation have reported
restrictions only in the case of prompt decays of the gravitino when it is the LSP. Several analyses
of CMS and ATLAS involving leptons have been reanalyzed to constrain the gluino as a function
of the stop mass (see Ref. [112] and references therein) within a special spectrum guaranteeing
that BR(g˜ → t˜ t¯) = 1 and with prompt decays of the corresponding LSP stop. In both cases
bounds in the gluino mass around 600 GeV have been obtained. Therefore, the parameter space
of the RPV/SFH scenario (or the RPV/MFV one) have still plenty of room to accommodate
a low-energy supersymmetric spectrum. There is a number of open issues that could be more
easily studied within this realistic and predictive framework, for example, the constraints on the
couplings from low-energy observables and indirect dark matter experiments or the restrictions
in the parameter space from other collider signatures like the displaced vertices searches already
implemented by ATLAS [116] and CMS [117].
Also we have worked in a SU(5) × U(1)H model for charged fermion masses studied in
Ref. [48] to include neutrino masses. This has been done by means of an appropriate redefinition
of the U(1)H charges that, while it leaves unchanged the Yukawa matrices for the charged
fermions, it also forbids at all orders ∆B 6= 0 and ∆L = 1 operators, while allowing for ∆L = 2
Majorana mass terms. Thus, R-parity is enforced as an exact symmetry, but at the same
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time the seesaw mechanism can be embedded within the model. Our construction is severely
constrained by two theoretical requirements. First, the SU(5) GUT implies that the F charges
of the lepton doublets and d-quarks singlets, as well as the F charges of the quark-doublets
and lepton singlets are the same, reducing drastically the freedom one has in the SM. Second,
we have assumed universality of all the fundamental scalar-fermion couplings, which basically
implies that the model has only one free parameter, that is the ratio between the U(1)H breaking
vevs and the messenger scale M . In spite of these serious restrictions, we have shown that by
assigning the U(1)H breaking flavons to the adjoint of SU(5), computable group theoretical
coefficients arise that, at leading order, determine the structure of the neutrino mass matrix
in a parameter independent way. This structure yields a reasonable first approximation to the
measured neutrino parameters. However, higher order corrections can be large, and should be
taken into account for a more precise quantitative comparison with observations. In our model,
hierarchical heavy Majorana neutrinos naturally coexist with non-hierarchical light neutrinos,
the atmospheric scale is easily reproduced for natural values of the parameters, and the mass of
the lightest heavy neutral states, that lies about five order of magnitude below the GUT scale,
is optimal for leptogenesis.
At the quantitative level, the predictivity of the model clearly relies on the assumption of
universality of the Yukawa couplings. We have not put forth any speculation concerning the
fundamental physics that might underlie such a strong assumption, but have merely adopted it
as a working hypothesis to highlight how a theory of calculable ‘order one coefficients’ might
actually emerge in GUT models relying just on a generalized FN mechanism. Needless to say,
by relaxing the assumption of universality by a certain quantitative amount, all the predictions
would acquire a correspondent numerical uncertainty, although the main qualitative features of
the model will remain unchanged.
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Appendix A
Appendix
A.1. H-charges of dimension-5 operators
The horizontal charges for the dimension-5 operators that violate only B are given by
H
[
(κ3)1jkQ̂1Q̂jQ̂kĤd
]
=A3 + (2x+ 4− nλ′′)13,
H
[
(κ3)2jkQ̂2Q̂jQ̂kĤd
]
=A3 + (2x+ 3− nλ′′)13,
H
[
(κ3)3jkQ̂3Q̂jQ̂kĤd
]
=A3 + (2x+ 1− nλ′′)13, (A.1)
H
[
(κ10)ij1Q̂iQ̂j d̂
∗
1
]
=A3 + (x− nλ′′)13,
H
[
(κ10)ij2Q̂iQ̂j d̂
∗
2
]
=A3 + (x+ 1− nλ′′)13,
H
[
(κ10)ij2Q̂iQ̂j d̂
∗
3
]
=H
[
(κ10)ij3Q̂iQ̂j d̂
∗
2
]
. (A.2)
For the lepton and baryon-number violating operators we have that
H
[
(κ1)1jklQ̂1Q̂jQ̂kL̂l
]
=A1 + (5 + 2x+ nl − nλ′′)13,
H
[
(κ1)2jklQ̂2Q̂jQ̂kL̂l
]
=A1 + (4 + 2x+ nl − nλ′′)13,
H
[
(κ1)3jklQ̂3Q̂jQ̂kL̂l
]
=A1 + (2 + 2x+ nl − nλ′′)13, (A.3)
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H
[
(κ2)ij11ûiûj d̂1ê1
]
=A2 + (6− n1 + nλ′′)13,
H
[
(κ2)ij21ûiûj d̂2ê1
]
=A2 + (5− n1 + nλ′′)13,
H
[
(κ2)ij31ûiûj d̂3ê1
]
=H
[
(κ2)ij21ûiûj d̂2ê1
]
,
H
[
(κ2)ij12ûiûj d̂1ê2
]
=A2 + (3− n2 + nλ′′)13,
H
[
(κ2)ij22ûiûj d̂2ê2
]
=A2 + (2− n2 + nλ′′)13,
H
[
(κ2)ij32ûiûj d̂2ê2
]
=H
[
(κ2)ij22ûiûj d̂3ê2
]
H
[
(κ2)ij13ûiûj d̂1ê3
]
=A2 + (1− n3 + nλ′′)13,
H
[
(κ2)ij23ûiûj d̂2ê3
]
=A2 + (−n3 + nλ′′)13,
H
[
(κ2)ij33ûiûj d̂2ê3
]
=H
[
(κ2)ij23ûiûj d̂3ê3
]
. (A.4)
Finally, for the lepton-number violating terms we have found
H
[
(κ4)ij1Q̂iĤdûj ê1
]
=A4 + (5− n1 + x)13,
H
[
(κ4)ij2Q̂iĤdûj ê2
]
=A4 + (2− n2 + x)13,
H
[
(κ4)ij3Q̂iĤdûj ê3
]
=A4 + (−n3 + x)13,
H
[
(κ5)ijL̂iĤuL̂jĤu
]
=
 2n1 n1 + n2 n1 + n3n1 + n2 2n2 n2 + n3
n1 + n3 n2 + n3 2n3
 ,
H
[
(κ6)iL̂iĤuĤdĤu
]
=− 1 + ni,
H
[
(κ7)ij1ûid̂
∗
j ê1
]
=A7 + (4− n1)13,
H
[
(κ7)ij2ûid̂
∗
j ê2
]
=A7 + (1− n2)13,
H
[
(κ7)ij3ûid̂
∗
j ê3
]
=A7 + (−1− n3)13,
H
[
(κ8)1Ĥ
∗
uĤdê1
]
=5− n1 + x,
H
[
(κ8)2Ĥ
∗
uĤdê2
]
=2− n2 + x,
H
[
(κ8)3Ĥ
∗
uĤdê3
]
=− n3 + x,
H
[
(κ9)i1kQ̂iL̂
∗
j ûk
]
=A9 + (−nj)13. (A.5)
In the above expressions we have defined
A1 = A3 =
 6 5 35 4 2
3 2 0
 , A2 =
 10 7 57 4 2
5 2 0
 , A4 = A9 =
 8 5 37 4 2
5 2 0
 , A7 =
 5 6 62 3 3
0 1 1
 .
(A.6)
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In this Appendix we calculate, as an example, one of the contributions of the effective Lagrangian
associated with the representations of SU(5) given in the Table 4.2. We write the SU(5)×U(1)F
breaking vevs as
〈Σ±〉 = V√
60
× diag(2, 2, 2,−3,−3) , (A.7)
where the factor α = 1/
√
60 gives the usual normalization of the SU(5) generators.
NS =
1√
60
diag(2, 2, 2, −3, −3) ·N24 . (A.8)
where the subscript in N24 (singlet) and refer to the corresponding SU(5) generators. we need
the following contraction
iM
[
24ab 24
l
m
]
S
= (SS)a lbm =
5
2
[
δam δ
l
b + δ
a
l δ
m
b
]
− δab δlm , (A.9)
Using the Eqs.(A.7, A.8, A.9) we calculate the contribution O(; 24S) to the light neutrino mass
matrix given in the Table 4.2
L =(−i)5¯a5φub24ab + (−i)24lmΣcl24mc
=(i)25¯a5
φub [24ab24
l
m]sΣ
c
l24
m
c
=(i)25¯55
φu5 [245524
l
m]sΣ
c
l24
m
c
=(i)25¯55
φu5 [
5
2
(δ5mδ
l
5 + δ
5
l δ
m
5 )− δ55δlm]Σcl24mc
=(i)25¯55
φu5 [
5
2
Σc524
5
c +
5
2
Σc524
5
c − Σcm24mc ]
=(i)25¯55
φu5 [5Σc524
5
c − Σcm24mc ]
=(i)25¯55
φu5 [5Σ1524
5
1 − Σ112411 − Σ122421 − Σ132431 − Σ142441 − Σ152451
+5Σ2524
5
2 − Σ212412 − Σ222422 − Σ232432 − Σ242442 − Σ252452
+5Σ3524
5
3 − Σ312413 − Σ322423 − Σ332433 − Σ342443 − Σ352453
+5Σ4524
5
4 − Σ412414 − Σ422424 − Σ432434 − Σ442444 − Σ452454
+5Σ5524
5
5 − Σ512415 − Σ522425 − Σ532435 − Σ542445 − Σ552455]
=(i)25¯55
φu5 [−(2)(2)− (2)(2)− (2)(2)− (−3)(−3) + 5(−3)(−3)− (−3)(−3)]N24
=(i)25¯55
φu5 [−4− 4− 4− 9 + 45− 9]N24
=− 15α25¯55φu5N24.
The contribution is −15 which is listed on one of the entries in the Table 4.2. Similarly are
calculated the others.
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